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1.0 INTRODUCTION 
This document addresses  the  dynamic performance c h a r a c t e r i s t i c s  of 
a l t e r n a t i v e  conf igura t ions  of long combination commercial veh ic les .  The 
r e p o r t  was produced i n  p a r t i a l  f u l f i l l m e n t  of the  requirements of Contract  
Number DTFH61-82-C-00054, sponsored by the  Federal  Highway Administrat ion of 
the  U.S. Department of Transpor ta t ion.  This por t ion  of the work i s  intended 
t o  provide a  t e c h n i c a l  background i n  support  of a  DOT endeavor t o  s tudy long 
combination v e h i c l e s  a s  prescr ibed by Sec t ions  138 and 415 of the Surface 
Transpor ta t ion  Assis tance  Act of 1982. In  t h i s  s tudy ,  a  number of d i f f e r e n t  
performance a t t r i b u t e s  have been t r e a t e d  f o r  v e h i c l e s  configured a s  
t r a c t o r - s e m i t r a i l e r s ,  doubles ,  and t r i p l e s .  The d i s c u s s i o n ,  based upon 
e x i s t i n g  l i t e r a t u r e  and upon a  l imi ted  q u a n t i t y  of o r i g i n a l  computer 
s imulat ions  of dynamic response,  addresses  var ious  t ruck  conf igura t ions  which 
a r e  d i s t i n g u i s h e d  from one another  by the l eng th  and number of t r a i l e r s  and 
the  numbers of a x l e s  employed a t  t r a c t o r ,  t r a i l e r ,  and d o l l y  elements. 
The d i scuss ion  i s  intended t o  provide i n s i g h t  i n t o  the s t a t e  of knowledge 
which e x i s t s  on each aspec t  of performance. I n  g e n e r a l ,  t h e  s e l e c t e d  
performance c a t e g o r i e s  involve  presumed s a f e t y  q u a l i t i e s ,  a l though the l i n k  t o  
the  a c t u a l  p o t e n t i a l  f o r  acc iden t s  has been more f i rmly  e s t a b l i s h e d  with some 
c a t e g o r i e s  than i t  has wi th  o the r s .  Cer ta in  a d d i t i o n a l  a s p e c t s  of performance 
p e r t a i n  more t o  the ease  of opera t ion  of the  va r ious  v e h i c l e s  than t o  s a f e t y  
i s s u e s ,  per  se .  Moreover, the  d i scuss ion  addresses  a  pot pour r i  of s u b j e c t s  
t o  the  degree t h a t  c u r r e n t l y  technology can support  d e f i n i t i v e  g e n e r a l i z a t i o n s  
on performance. 
The following s u b j e c t s  have been addressed i n  t h i s  r e p o r t :  
A l t e r n a t i v e  Coupling Devices 
Backing Up 
General Braking Performance 
I s sues  Related t o  Brake System Air Delivery 
Low-Speed Off t r ack ing  Performance 
High-Speed Off t r ack ing  Performance 
S t a b i l i t y  I s s u e s  Related t o  Rapid-Steering Maneuvers 
Roll  S t a b i l i t y  
Yaw S t a b i l i t y  of the  Power Unit 
Power Requirements 
The v e h i c l e  combinations of i n t e r e s t  a r e  def ined i n  terms of the  dimensional 
and loading parameters def ined i n  Figure 1. The geometric d a t a  shown i n  the  
f i g u r e  represen t  what a r e  thought t o  be c h a r a c t e r i s t i c  va lues  f o r  v e h i c l e s  
which a r e  i n  s e r v i c e  i n  the  1984 time frame. Axle loadings  a r e  s e l e c t e d  such 
t h a t  the  i n d i c a t e d  g r o s s  v e h i c l e  weights a r e  a t t a i n e d ,  while d i s t r i b u t i n g  the  
load i n  a s i m p l i f i e d  manner which roughly corresponds t o  popular p r a c t i c e .  It 
should be recognized t h a t  many of the  long combination v e h i c l e s  c u r r e n t l y  i n  
s e r v i c e  i n  the  U.S. a r e  not  t y p i c a l l y  loaded t o  the  l e v e l s  of g ross  weight 
shown. On the  o t h e r  hand, t h e  s p e c i f i c  loading cond i t ions  presented i n  t h e  
f i g u r e  do not  s t r o n g l y  in f luence  the  r e l a t i v e  dynamic performance l e v e l s  t o  be 
d i scussed ,  except  wi th  regard t o  braking and engine power requirements.  Each 
of the above l i s t e d  s u b j e c t s  w i l l  be addressed,  i n  t u r n ,  i n  Sect ions  2.0 
through 11.0. Sect ion 12.0 summarizes obse rva t ions  p e r t a i n i n g  t o  the  va r ious  
v e h i c l e  conf igura t ions .  
(Longitudinal Dimens ions, ft ) 
Overall 
Vehicle A B C D E F G H I  J K L e n g t h  
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Figure 1. Dimensional and loading parameters of combination vehicles. 
2.0 ALTERNATIVE COUPLING DEVICES 
M u l t i p l e - t r a i l e r  combinations c u r r e n t l y  used i n  the  United S t a t e s  employ 
a separa te  coupling device  between ad jacen t  t r a i l e r s  c a l l e d  a "conver ter  
dol ly ."  The term "converter" r e f l e c t s  the f a c t  t h a t  such d o l l i e s  serve  t o  
"convert" a s e m i t r a i l e r  t o  a se l f -suppor t ing " f u l l  t r a i l e r . "  Vehicle 
combinations a r e  then b u i l t  up by coupling the  f i r s t  s e m i t r a i l e r  d i r e c t l y  t o  
the  t r a c t o r ,  v i a  a " f i f t h  wheel" coupling and by connecting subsequent 
t r a i l e r ( s )  v i a  conver ter  d o l l i e s .  A s  shown i n  Figure 2 ,  the  conventional  
d o l l y  device  c o n s i s t s  of a l i g h t  frame which suppor ts  a f i f t h  wheel f o r  
coupling the succeeding t r a i l e r  and which employs a " p i n t l e  h i t c h "  coupling a t  
i t s  forward end f o r  connecting t o  the preceding t r a i l e r .  The d o l l y  can be 
configured wi th  e i t h e r  one o r  two a x l e s ,  depending upon the  type of v e h i c l e  
combination which i s  being assembled. During t u r n i n g ,  the  d o l l y  p i v o t s  about 
the  p i n t l e  h i t c h  t o  permit the  v e h i c l e  combination t o  t r a c k  along a curved 
path. A l l  of the  long combination v e h i c l e s  examined i n  t h i s  s tudy employ t h i s  
convent ional  s t y l e  of dol ly .  
The conver te r  d o l l y  descr ibed here  in t roduces  two a r t i c u l a t i o n  p o i n t s  
i n t o  the v e h i c l e  combination--namely, one a t  the  p i n t l e  h i t c h  and one a t  the 
f i f t h  wheel connecting the  d o l l y  t o  the  succeeding s e m i t r a i l e r .  Because of 
c e r t a i n  dynamic phenomena, which w i l l  be d iscussed i n  Sect ion 7.0, the  
s t a b i l i t y  of the  combination v e h i c l e  i n  rapid  maneuvers i s  reduced i n  
combinations having a g r e a t e r  number of a r t i c u l a t i o n  points .  The s t a b i l i t y  
c h a r a c t e r i s t i c  a t  i s s u e ,  h e r e ,  involves  the  tendency of the  r e a r  t r a i l e r  i n  
conventional  m u l t i p l e - t r a i l e r  combinations t o  produce ampl i f ied  l a t e r a l  
motions i n  response t o  rapid  s t e e r i n g  i n p u t s ,  a t  worst causing r o l l o v e r  of the  
r e a r  t r a i l e r  i n  maneuvers having a moderate l e v e l  of s e v e r i t y  and, more 
t y p i c a l l y ,  causing l i g h t l y  damped "swaying" motions which may be evident  
dur ing normal down-the-road t r a v e l .  Also, s i n c e  the  p i n t l e - h i t c h  connection 
of the  convent ional  conver te r  d o l l y  a f f o r d s  no r e s i s t a n c e  t o  the  r o l l  motion 
1 
Figure 2. Conventional, or "A-type ,I1 converter dolly. 
of one t r a i l e r  with respec t  t o  the  o t h e r ,  the  r e a r  t r a i l e r  i s  f r e e  t o  respond 
t o  the  ampl i f ied  l a t e r a l  motions by r o l l i n g  over independently of the  o t h e r  
veh ic le  u n i t s .  
Another c o n t r o l l a b i l i t y  i s s u e  a r i s i n g  with conventional  d o l l i e s  i n  a 
combination v e h i c l e  i s  the p o s s i b i l i t y  of a very rapid  "dol ly  jackknife"  
a r t i c u l a t i o n  motion following lockup of the  d o l l y  wheels dur ing braking. The 
d o l l y  becomes f r e e  t o  r o t a t e  about the  p i n t l e  h i t c h ,  causing the following 
t r a i l e r  t o  swing forward and t o  one side--usually impacting the  r e a r  corner  of 
the preceding t r a i l e r .  This mode of i n s t a b i l i t y  i s  most l i k e l y  on s l i p p e r y  
s u r f a c e s ,  when the  v e h i c l e  i s  unloaded, and i t  can lead t o  complex subsequent 
motions of the coupled t r a i l e r s ,  poss ib ly  r e s u l t i n g  i n  r o l l o v e r  o r  c o l l i s i o n  
wi th  o t h e r  ob jec t s .  
P r imar i ly  due t o  these  dynamic d e f i c i e n c i e s ,  o t h e r  schemes of 
i n t e r - t r a i l e r  coupling have been developed which e i t h e r  reduce the number of 
a r t i c u l a t i o n  p o i n t s  between t r a i l e r s  from two t o  one o r  which modify the  
f u n c t i o n a l  mechanics of the coupling.  At p r e s e n t ,  v i r t u a l l y  none of these  
a l t e r n a t i v e  coupling des igns  a r e  i n  commercial s e r v i c e  i n  the  U.S. Most of 
the development i n  t h i s  a r e a  has  been seen i n  Canada and a v a r i e t y  of 
a l t e r n a t i v e  dev ices  a r e  found i n  commercial s e r v i c e  the re .  These devices  a r e  
d iscussed here  t o  provide the reader  wi th  informat ion which appears t o  suggest  
t h a t  some promising improvements i n  veh ic le  coupling technology a r e  on the 
horizon. The prominent a l t e r n a t i v e  concepts f o r  coupling t r a i l e r s  toge the r  
a r e  descr ibed below, and the  s a l i e n t  f e a t u r e s  of each a r e  d iscussed.  
2.1 B-Train Conf igurat ions  
Since the  convent ional  conver te r  d o l l y ,  employing a s i n g l e  p i n t l e  h i t c h  
and a f i f t h  wheel coupl ing,  c o n s t i t u t e s  the  de f a c t o  s tandard around the world 
f o r  connecting success ive  t r a i l e r s  i n  combination, popular jargon terminology 
has l a b e l l e d  t h i s  device  a s  an "A-Dolly . " Correspondingly , the combination 
v e h i c l e s  employing such d o l l i e s  a r e  c a l l e d  "A-Trains." The f i r s t  conceptual  
v a r i a t i o n  on t h i s  conf igura t ion  involves  the  simple e l imina t ion  of the  
p i n t l e - h i t c h  connection a l t o g e t h e r ,  c o n s t i t u t i n g  a so-called "B-Train," a s  
shown i n  Figure 3 .  The 8-Train incorpora tes  an unusual f i r s t  t r a i l e r  des ign 
Figure 3. Coupling s e c t i o n  between two t r a i l e r s  of  a "B-train." 
i n  which the  t r a i l e r  frame s t r u c t u r e  i s  extended beyond the  r e a r  of the  
payload bed so  a s  t o  mount a  f i f th-wheel  coupling f o r  d i r e c t l y  connecting the  
succeeding t r a i l e r .  Not only does the  B-Train des ign e l imina te  one 
a r t i c u l a t i o n  p o i n t ,  i t  a l s o  provides a  r o l l - r i g i d  connection between the  
success ive  t r a i l e r s ,  thus  assur ing  t h a t  the  u n i t s  can " a s s i s t "  i n  a s sur ing  
r o l l  s t a b i l i t y  dur ing rapid  s t e e r i n g  maneuvers. The s a l i e n t  f e a t u r e s  of 
B-Train performance a r e  a s  fo l lows:  
1 )  The o f f t r a c k i n g  of the  rearmost t r a i l e r  t i r e s  i n  t i g h t  t u r n s  i s  
somewhat g r e a t e r  than t h a t  of comparable A-Train layouts .  The e x t e n t  of 
increased o f f t r a c k i n g  i s  considerably  l e s s ,  however, than t h a t  which u s u a l l y  
accrues  from adding another  t r a i l e r  t o  a  g iven v e h i c l e  combination. 
2 )  The dynamic s t a b i l i t y  of B-Trains i s  comparable t o  t h a t  of 
t r a c t o r - s e m i t r a i l e r s ,  i n  s teady turning maneuvers, and can range from 
moderately lower t o  moderately h igher  than t h a t  of t r a c t o r  s e m i t r a i l e r s  i n  
dynamic s t e e r i n g  maneuvers. Thus, the  B-Train i s  regarded a s  e s s e n t i a l l y  
"solving" the  dynamic s t a b i l i t y  shortcomings of A-type m u l t i p l e - t r a i l e r  
combinations [ I ] .  
3 )  There i s  no equ iva len t  t o  the  rapid  "dol ly  jackknife"  mode of 
i n s t a b i l i t y  dur ing braking.  A r t i c u l a t i o n  i n s t a b i l i t i e s  of the t r a i l e r s ,  
themselves, a r e  s t i l l  poss ib le  under severe  braking cond i t ions ,  but  the  
motions a r e  much slower than t h a t  a s soc ia ted  wi th  the  jackknife  of A-Dollies 
and thus  a r e  seen a s  c o n s t i t u t i n g  a  reduced l e v e l  of hazard. 
4 )  The B-Train can be more e a s i l y  backed up than A-Trains because of the 
e l imina t ion  of the  s h o r t  d o l l y  element from the  combination. 
5 )  The common use of e i t h e r  mul t ip le  a x l e s  o r  widely-spread a x l e s  beneath 
the  i n t e r - t r a i l e r  coupling on the  B-Train i s  l i k e l y  t o  produce a  g r e a t e r  l e v e l  
of t i r e  wear, due t o  the  "scrubbing" o r  "scuff ing"  motions which occur when 
such v e h i c l e s  n e g o t i a t e  t i g h t - r a d i u s  curves. 
A p r a c t i c a l  cons ide ra t ion  which has made the  B-Train concept r a t h e r  
u n a t t r a c t i v e  f o r  a p p l i c a t i o n  t o  van-type t r a i l e r s  i s  the  f a c t  t h a t  the  
extended frame por t ion  on the  lead t r a i l e r  prevents  d i r e c t  access  t o  the r e a r  
of the  t r a i l e r  when backed up t o  a  convent ional  loading dock. Fur the r ,  the  
two B-Train t r a i l e r s  a r e  not  in terchangeable  i n  the combination. Thus, i n  
Canada where a  considerable  usage of B-Trains has  p r e v a i l e d ,  the  a p p l i c a t i o n s  
p r imar i ly  involve  e i t h e r  bulk commodity t ankers  and g r a v i t y  hoppers o r  
f la t -bed c o n f i g u r a t i o n s  which a r e  loaded by f o r k  l i f t  t r u c k s  from the  s ide .  
In  these  a p p l i c a t i o n s ,  the  two t r a i l e r s  a r e  kept  more or  l e s s  permanently 
coupled toge the r  such t h a t  i n t e r c h a n g e a b i l i t y  i s  not  an i s s u e ,  
2.2 Rigid Dual-Drawbar D o l l i e s  
One concept which y i e l d s  veh ic le  performance a t t r i b u t e s  which a r e  
v i r t u a l l y  i d e n t i c a l  t o  those obtained wi th  the  B-Train employs a  r i g i d ,  
dual-drawbar d o l l y  a s  the  coupling between otherwise-conventional  t r a i l e r s .  
This dev ice ,  shown i n  Figure 4 ,  looks i d e n t i c a l  t o  the convent ional  "A-Dolly" 
i n  t h e  s i d e  view, bu t  incorpora tes  two side-by-side p i n t l e - h i t c h  connect ions ,  
a s  seen when viewed from above. The dua l  drawbar connection t o  the  lead 
t r a i l e r  e l i m i n a t e s  the  s t e e r  o r  "yaw" a r t i c u l a t i o n  which i s  convent ional ly  
af forded by the  s i n g l e  p i n t l e  connection of A-Dollies. This concept d i f f e r s  
from the  B-Train i n  performance only i n s o f a r  a s  the  d o l l y  i s  f r e e  t o  p ivo t  i n  
the  p i t c h  d i r e c t i o n  about i t s  dua l  p i n t l e  h i t ches .  Otherwise, a l l  s t a b i l i t y ,  
t r a c k i n g ,  backing-up, and t i re-scrubbing c h a r a c t e r i s t i c s  a r e  i d e n t i c a l  t o  
those of a  corresponding B-Train having the same geometric placement of ax les  
and f i f t h  wheel c e n t e r s .  When the  r i g i d ,  dual-drawbar d o l l y  i s  adapted t o  
e x i s t i n g  t r a i l e r s ,  measures must g e n e r a l l y  be taken t o  s t r eng then  the t r a i l e r  
s t r u c t u r e  so  a s  t o  s u i t a b l y  handle t h e  h igher  loads  which a r e  app l i ed  a t  the  
two p i n t l e  h i t c h  c o n s t r a i n t s .  
Opera t iona l ly ,  the  r i g i d ,  dual-drawbar d o l l y  concept o f f e r s  considerably  
more f l e x i b i l i t y  than the  B-Train conf igura t ion  such t h a t  i t  i s  more 
a t t r a c t i v e  i n  a p p l i c a t i o n s  t o  convent ional  van-type doubles. S p e c i f i c a l l y ,  
the d o l l y  may be e a s i l y  removed t o  f a c i l i t a t e  access  t o  each t r a i l e r  from a  
loading dock and,  a d d i t i o n a l l y ,  t r a i l e r  i n t e r c h a n g e a b i l i t y  i s  assured,  By 
mounting p i n t l e  h i t c h e s  f o r  both the  dual-drawbar and conventional  s i n g l e  
A-Dolly connections on the  back of each t r a i l e r ,  a  f l e e t  can even in terchange 
both d o l l y  types  dur ing a  t r a n s i t i o n  period i n  which e i t h e r  d o l l y  type must be 
accommodated i n  the  opera t ion.  
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Figure 4 .  R i g i d ,  dual-drawbar d o l l y  ( d o l l y  a x l e  does  n o t  s t e e r ) .  
Another d o l l y  v a r i a t i o n  which has been developed i n  Canada and i s  
r ece iv ing  r a t h e r  wide a p p l i c a t i o n  i s  the so-called "B-Dolly" concept, This 
device  i s  i d e n t i c a l  t o  the  r i g i d ,  dual-drawbar d o l l y  defined above, except 
t h a t  another measure has been taken t o  reduce t i r e  scrubbing a s  wel l  a s  the 
l e v e l  of r e a c t i o n  fo rces  appl ied  to  the  two p i n t l e  h i t c h e s  dur ing turning.  
Two v a r i e t i e s  of B-Dollies a r e  shown i n  Figure 5. Both concepts employ a  
cas te r - s t ee r ing  p r i n c i p l e  such t h a t  the  wheels on the  d o l l y  a x l e ( s )  a r e  
s t ee red  t o  accommodate t igh t - rad ius  turning with minimal t i r e  scrub and with 
minimal degradat ion i n  t r a c t o r  s t e e r i n g  q u a l i t y .  
The "automotive-steer" type of B-Dolly employs an ax le  which i s  
conceptual ly  analogous t o  the s t e e r i n g  ax le  on a  t ruck  t r a c t o r  i n s o f a r  a s  the 
wheels a r e  supported on sp ind les  which pivot  about k ingpins  t o  provide a  
s t e e r i n g  displacement,  These s t e e r i n g  motions a r e  r e s i s t e d ,  t o  some degree ,  
by a  "center ing mechanism" whose purpose i s  t o  keep the wheels running 
s t r a i g h t  during normal t r a v e l  on the  highway. 
The o t h e r  des ign i s  the  " tu rn tab le - s t ee r"  B-Dolly i n  which a  conventional  
s o l i d  ax le  i s  mounted on a  c e n t r a l  tu rn tab le .  The c e n t e r  of the  ax le  i s  
located a f t  of the  c e n t e r  of the t u r n t a b l e  such t h a t  an e f f e c t i v e  c a s t e r  o r  
mechanical t r a i l  i s  a v a i l a b l e  f o r  " s t ee r ing"  the e n t i r e  ax le  about the c e n t e r  
of the tu rn tab le .  Again, a  cen te r ing  mechanism i s  employed t o  keep the wheels 
running s t r a i g h t  dur ing normal opera t ions  on the  highway. 
A recent  Canadian s tudy [ 2 ]  has e s t a b l i s h e d  t h a t  performance of a  doubles 
combination equipped with a  B-Dolly i s  e s s e n t i a l l y  the  same as  t h a t  of an 
equivalent  veh ic le  combination equipped with a  dual-drawbar d o l l y ,  with 
non-steerable wheels or  a x l e s ,  with the  following except ions:  
1)  T i re  scrubbing i s  reduced i n  t igh t - rad ius  t u r n s ,  t o  the ex ten t  t h a t  the 
cen te r ing  mechanism allows the  d o l l y  wheels t o  s t e e r .  By the  same 
mechanism, t r a c t o r  s t e e r i n g  q u a l i t y  i s  improved during t igh t - rad ius  
t u r n s ,  r e l a t i v e  t o  the  u n i t  having a  r i g i d ,  non-steering do l ly .  
2 )  Low-speed o f f t r a c k i n g  i s  moderately improved over t h a t  exhibi ted  by an 
Figure 5. B-dollies having (a) automotive- and (b)  turntable-s teer ing 
mechanisms . 
equ iva len t  A-Train combination. 
3 )  The p o t e n t i a l  f o r  ampl i f ied  l a t e r a l  motions of the  veh ic le  combination i n  
rapid  s t e e r i n g  maneuvers may range from equivalent  t o  B-Train performance 
t o  worse than A-Train performance. The determining f a c t o r  involves  the 
a b i l i t y  of the  d o l l y ' s  cen te r ing  mechanism t o  r e s i s t  the l a t e r a l  f o r c e s  
generated by the t i r e s  i n  such maneuvers. When too much s t e e r i n g  freedom 
i s  allowed by the cen te r ing  mechanism, poorer dynamic performance i s  
obtained.  Thus, the  achievement of the "low t i re-scrub"  q u a l i t y  i s  
fundamentally i n  c o n f l i c t  with the achievement of good dynamic s t a b i l i t y .  
Moreover, the  a c c e p t a b i l i t y  of a  given B-Dolly, from a  dynamic s t a b i l i t y  
po in t  of view, i s  dependent upon des ign d e t a i l s .  
4 )  The B-Dolly e x h i b i t s  a  s e n s i t i v i t y  t p  r i g h t l l e f t  d i f f e r e n c e s  i n  the  
torque output of the  brakes i n s t a l l e d  on the  d o l l y  axle .  I f  an excess ive  
amount of torque imbalance e x i s t s ,  o r  i f  the  veh ic le  i s  braked while the  
d o l l y  t i r e s  a r e  running over a  su r face  having l a r g e  d i f f e r e n c e s  i n  
f r i c t i o n  l e v e l ,  l e f t - t o - r i g h t ,  the  wheels may experience an anomalous 
s t e e r  displacement. This s t e e r  response may induce a  s u f f i c i e n t  motion 
d i s tu rbance  t h a t  veh ic le  c o n t r o l  i s  threatened.  Again, the  a c c e p t a b i l i t y  
of the  B-Dolly, from the viewpoint of i n s e n s i t i v i t y  t o  imbalanced braking 
f o r c e s ,  i s  dependent upon des ign d e t a i l s ,  It i s  c l e a r ,  however, t h a t  the  
B-Dolly des ign with knuckle-mounted wheels i s  i n h e r e n t l y  l e s s  s e n s i t i v e  
t o  imbalanced braking f o r c e s  than i s  the  t u r n t a b l e  v a r i e t y ,  simply a s  a  
r e s u l t  of the d i f f e r e n c e s  i n  the r e l a t i v e  proximity of the wheel c e n t e r s  
t o  the  s t e e r i n g  p ivo t .  
Many of the  B-Dolly des igns  being c u r r e n t l y  marketed i n  Canada 
incorpora te  a  locking f e a t u r e  whereby the wheels may be locked on cen te r ,  The 
veh ic le  has a  swi tch  a v a i l a b l e  i n  the  t r a c t o r  f o r  engaging the "locked" 
s t e e r i n g  mode. In  t h i s  mode, the B-Dolly-equipped v e h i c l e  can be backed up 
with the  same f a c i l i t y  a s  a  comparable B-Train. Also, one may adopt the  
p r a c t i c e  of locking the d o l l y  s t e e r i n g  system whenever the veh ic le  i s  operated 
a t  highway speeds,  thereby circumventing any of the  above-cited dynamic 
d e f i c i e n c i e s .  
Since the B-Dolly couples v i a  p in t l e -h i t ch  and fif th-wheel hardware i n  a  
fash ion  i d e n t i c a l  t o  the  r i g i d ,  dual-drawbar d o l l y  descr ibed above, v e h i c l e s  
employing the B-Dolly accrue the  same advantages of t r a i l e r  i n t e r c h a n g e a b i l i t y  
and ready access  a t  loading f a c i l i t i e s .  A t  t he  same t ime, the  B-Dolly can 
impose l a r g e  l e v e l s  of loading t o  the  p i n t l e  h i t c h e s ,  such t h a t  the s t r u c t u r a l  
i n t e g r i t y  of the  s e l e c t e d  coupl ings  deserves  c l o s e  sc ru t iny .  Although the  
B-Dolly concept o f f e r s  s u b s t a n t i a l  promise a s  a  means t o  optimize the  dynamic 
performance c h a r a c t e r i s t i c s  of m u l t i - t r a i l e r  combinations, d o l l y  
c h a r a c t e r i s t i c s  must be c a r e f u l l y  const ra ined.  Fur ther  development of t h i s  
concept i s  known t o  be c u r r e n t l y  underway [ 3 ]  and s t a n d a r d i z a t i o n  of d o l l y  
c h a r a c t e r i s t i c s  has been recommended [ 2 , 4 ] .  
2.4 Active Linkage Couplings 
Another conceptual  a r e a  which has produced commercial hardware f o r  
coupling t r a i l e r s  toge the r  has involved d o l l i e s  i n  which the s i n g l e  tongue, o r  
drawbar p o r t i o n ,  of a  convent ional  A-Dolly i s  replaced by a  s e t  of a c t i v e  
l inkages  which c o n t r o l  a r t i c u l a t i o n  between the  d o l l y  and the preceding 
t r a i l e r .  An example of such an arrangement i s  shown i n  Figure 6. Linkage 
des igns  of t h i s  type ,  which do improve dynamic p r o p e r t i e s ,  se rve  t o  l o c a t e  an  
" i n s t a n t  cen te r"  of d o l l y  r o t a t i o n  s i g n i f i c a n t l y  forward of the  conventional  
p i n t l e - h i t c h  l o c a t i o n  [ 5 ] .  Thus, they a l s o  cause the e f f e c t i v e  l eng th  of the  
drawbar of the  d o l l y  t o  be longer.  Such l inkage coupl ings  do tend t o  produce 
a  g r e a t e r  amount of o f f t r a c k i n g ,  a l though the a b i l i t y  t o  back up and the  
r e s i s t a n c e  t o  rapid  a r t i c u l a t i o n  i n s t a b i l i t i e s  dur ing braking i s  l e s s  than 
wi th  B-Trains and proper ly  designed B-Dolly equipment. 
Var ia t ions  on such a c t i v e  l inkage concepts have a l s o  been proposed i n  
which a d d i t i o n a l  f e a t u r e s  of the des ign  have served t o  modify the  a r t i c u l a t i o n  
func t ion  so  a s  t o  provide b e t t e r  o f f t r a c k i n g  performance i n  t igh t - rad ius  t u r n s  
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3.0 BACKING UP 
The process  of backing up an a r t i c u l a t e d  veh ic le  i s  a  b a s i c a l l y  uns tab le  
maneuver. Without any d r i v e r  s t e e r i n g  a c t i o n  when the veh ic le  opera tes  i n  
r e v e r s e ,  any d e v i a t i o n s  i n  the  l o n g i t u d i n a l  alignment of the veh ic le  t r a i n  
w i l l  grow with d i s t a n c e  t r ave led .  The mechanism i s  i l l u s t r a t e d  by the  simple 
model of a  s e m i t r a i l e r  opera t ing  i n  r everse  i n  Figure 7 .  As the v e h i c l e  
moves backward ( i n  the  Z d i r e c t i o n  a t  t h e  h i t c h ) ,  t h e  magnitude of the  
d e v i a t i o n  ang le ,  8, measured between the  c e n t e r l i n e  of the t r a i l e r  and the 
d i r e c t i o n  of t r a v e l  a t  the  h i t c h ,  w i l l  grow with  inc reas ing  d i s t a n c e  of 
t r a v e l .  The governing equat ion f o r  the  motion t akes  the form: 
Z / L  = log  [Tan( 0/2)/Tan( a0/2)]  
where 
Z = the  d i s t a n c e  t r ave led  i n  r everse  
L = t r a i l e r  wheelbase ( h i t c h  t o  r e a r  a x l e )  
e0  = i n i t i a l  d e v i a t i o n  angle  ( a t  Z = 0 )  
8  = d e v i a t i o n  angle  a s  a  func t ion  of d i s t a n c e  
As the  v e h i c l e  moves backward, the  d e v i a t i o n  angle  w i l l  grow continuously 
u n t i l  the t r a i l e r  i s  perpendicular  t o  the  Z d i r e c t i o n ,  and i n  the absence of 
any i n t e r f e r e n c e  wi th  the  towing v e h i c l e ,  would commence t o  t r a i l  the  h i t c h  
po in t  i n  a  forward a t t i t u d e .  Although the above equat ion would i n d i c a t e  t h a t ,  
wi th  zero  i n i t i a l  ang le ,  the  backing d i s t a n c e  i s  t h e o r e t i c a l l y  i n f i n i t e ,  i n  
r e a l i t y  no v e h i c l e  can ever  achieve a  t r u e  zero alignment angle.  I f  nothing 
e l s e ,  l a s h  i n  the  h i t c h  and asymmetry i n  the  s t r u c t u r e  w i l l  r e s u l t  i n  some 
i n i t i a l  angle.  
The above equat ion t e l l s  the  s t o r y  of uncontrol led  backing maneuvers, 
where the  d r i v e r  does not  o r  cannot e x e r c i s e  any c o n t r o l  over the v e h i c l e ' s  
l a t e r a l  dev ia t ions .  I n  such c a s e s ,  the  backing d i s t a n c e  t h a t  can be achieved 
wi th  the f r o n t  of the  v e h i c l e  t r a i n  (denoted by Z) i s  p ropor t iona l  t o  the  
wheelbase of the  t r a i l e r  and t o  the  al lowable maximum d e v i a t i o n  angle ( t h e  
po in t  a t  which v e h i c l e  i n t e r f e r e n c e  would occur) .  For the very small  i n i t i a l  
d e v i a t i o n  angle of 0.01 degrees  and an al lowable d e v i a t i o n  angle of 45 
Figu re  7.  Schematic  f o r  ana lyz ing  t h e  a r t i c u l a t i o n  o f  a 
semi t r a i l e r  be ing  backed up. 
degrees ,  the  c a l c u l a t e d  backing d i s t a n c e  would be approximately 3 . 7  times the  
wheelbase. A t  an i n i t i a l  angle  of 1.0 degrees ,  the  backing d i s t a n c e  decreases  
t o  approximately 1.7 times the  wheelbase; and f o r  a r e l a t i v e l y  l a r g e  i n i t i a l  
angle  such a s  10 degrees ,  t h e  d i s t a n c e  dec reases  t o  approximately 0.7 t imes 
the wheelbase. 
In  the  case  of v e h i c l e s  having mul t ip le  a r t i c u l a t i o n  p o i n t s ,  such a s  f u l l  
t r a i l e r s ,  doubles ,  and t r i p l e s ,  the  p o t e n t i a l  d i s t a n c e  f o r  which the  veh ic le  
can be backed i n  the  "uncontrolled" mode becomes dependent on the  s h o r t e s t  
l i n k  i n  the  t r a i n .  For example, the  d o l l y  h i t c h  used wi th  these  v e h i c l e s  has 
an e f f e c t i v e s  wheelbase of only 6.1 f e e t .  Hence, t h e  backing maneuver w i l l  be 
l i m i t e d  i n  l eng th  by the  l i k e l i h o o d  t h a t  the  l o n g i t u d i n a l  al ignment of the  
t r a i n  w i l l  f i r s t  c o l l a p s e  a t  t h i s  point .  Depending on the  i n i t i a l  cond i t ions ,  
the  backing d i s t a n c e  l i m i t  i s  p red ic ted  t o  be anywhere from about 1.0 t o  3.0 
times the  d o l l y  wheelbase. Experience i n  observing such v e h i c l e s  would 
i n d i c a t e  t h a t  these  p r e d i c t i o n s  a r e  reasonable.  
3.1 C o n t r o l l a b i l i t y  During Braking 
The e x t e n t  t o  which mul t ip ly  a r t i c u l a t e d  v e h i c l e s  can s u c c e s s f u l l y  back 
up f o r  i n d e f i n i t e  d i s t a n c e s  i s ,  p r a c t i c a b l y  speaking,  an i s s u e  of 
c o n t r o l l a b i l i t y ;  i . e . ,  can the  d r i v e r  observe the alignment of the  e s s e n t i a l  
( s h o r t e s t  wheelbase) elements of the  t r a i n ;  does he have the s k i l l s  t o  
compensate; and i s  the  power u n i t  ( o r  in te rmedia te  u n i t s )  capable of making 
the necessary  maneuvers t o  compensate f o r  the c o l l a p s i n g  u n i t  i n  the t r a i n .  
Answers t o  these  ques t ions  must l a r g e l y  come from exper ience  and observat ion.  
There i s  no ques t ion  t h a t  most s i n g l y  a r t i c u l a t e d  v e h i c l e s  a r e  capable of 
s u c c e s s f u l  backing f o r  i n d e f i n i t e  d i s t a n c e s  wi th  an experienced d r i v e r .  
Exceptions t o  t h i s  case  a r e  of no i n t e r e s t  o r  consequence here .  
Trac to r - semi t ra i l e r s ,  which a r e  the  common example of s i n g l e  a r t i c u l a t i o n ,  
a r e ,  from exper ience ,  a l l  capable of unl imi ted backing. 
Vehicle t r a i n s  wi th  two a r t i c u l a t i o n s  a r e  a l s o  g e n e r a l l y  capable of 
unl imi ted backing,  assuming a s k i l l e d  d r i v e r  i s  a t  the  wheel. This c l a s s  
would include such v e h i c l e s  a s  f u l l  t r a i l e r s  used on farms,  f u l l  t r a i l e r s  
pu l l ed  behind s t r a i g h t  t r u c k s ,  the  B-Train conf igura t ion ,  and doubles u n i t s  i n  
which the a r t i c u l a t i o n  of the d o l l y  u n i t  can be locked out during backing 
maneuvers . 
Once the number of a r t i c u l a t i o n  po in t s  reaches t h r e e ,  however, success fu l  
backing i n  a  con t ro l l ed  fashion i s  only in f requen t ly  poss ible .  Hence, the 
backing c o n s t r a i n t s  defined i n  the  e a r l i e r  paragraph w i l l  become the governing 
inf luence.  In the case of the doubles u n i t s ,  the s h o r t e s t  l i n k  i s  the d o l l y  
u n i t ,  e f f e c t i v e l y  l i m i t i n g  the  backing maneuver t o  a  range of 6  t o  18 f e e t ,  
depending on luck. 
The equation would suggest  t h a t  the same backing l i m i t s  apply t o  t r i p l e s  
u n i t s  a s  well .  In f a c t ,  the range of success fu l  backing d i s t ances  would be 
expected t o  be s h o r t e r ,  on the  average,  f o r  t r i p l e s  than f o r  doubles. The 
reason i s  t h a t  i t  takes  more forward d i s t ance  of t r a v e l  t o  g e t  a  t r i p l e s  u n i t  
i n i t i a l l y  al igned.  Hence, from an a r b i t r a r y  stopped s i t u a t i o n ,  i t  i s  l i k e l y  
t h a t  h igher  i n i t i a l  dev ia t ion  angles  w i l l  be present  between the respec t ive  
elements of a  t r i p l e s  conf igurat ion.  Therefore,  the re  i s  a  h igher  p r o b a b i l i t y  
of misalignment i n  a  t r i p l e s ,  and more a r t i c u l a t i o n  po in t s  a v a i l a b l e  a t  which 
the  t r a i n  can c o l l a p s e ,  h a l t i n g  the  backing maneuver. The add i t ion  of 
a r t i cu la t ion- lockou t  f e a t u r e s  on the d o l l y  u n i t s  of a  t r i p l e s  combination w i l l  
improve backing d i s t a n c e ,  simply because the wheelbase of the  s h o r t e s t  u n i t  
now becomes lengthened t o  approximately the wheelbase of the t r a i l e r .  For 
t r i p l e s  employing 28-foot t r a i l e r s ,  the  "lockout" f e a t u r e  improves the backing 
d i s t a n c e  t o  a  range of- 20 t o  60 f e e t ,  depending on condi t ions .  With th ree  
a r t i c u l a t i o n  po in t s  s t i l l  a c t i v e  i n  the  veh ic le  t r a i n ,  i t  would be the  very 
unusual d r i v e r  who could success fu l ly  back up a  t r i p l e s  f o r  any d i s t a n c e  
s i g n i f i c a n t l y  longer  than t h a t  p red ic ted ,  and even then i t  would requ i re  a  
very slow and d e l i b e r a t e  maneuver. 
3.2 Conclusion 
Applying t h i s  a n a l y s i s  t o  the long combination veh ic les  l i s t e d  f o r  
cons ide ra t ion  l eads  t o  conclusions regarding backing a b i l i t y ,  a s  tabula ted  i n  
Table 1. 
Table 1 
Backing A b i l i t y  of Long Cornbination Veh ic l e s  
Vehic le  Expected Backing Dis tance  






I n f i n i t e  
6 t o  1 8  f e e t  (wi thout  d o l l y  
lockup) 
20 f e e t  t o  i n f i n i t y  (wi th  d o l l y  
lockup and s k i l l e d  d r i v e r )  
6 t o  18  f e e t  (wi thout  d o l l y  
lockup) 
20 f e e t  t o  i n f i n i t y  (wi th  d o l l y  
lockup and s k i l l e d  d r i v e r )  
6 t o  1 8  f e e t  (without  d o l l y  
lockup) 
40 f e e t  t o  i n f i n i t y  (wi th  d o l l y  
lockup and s k i l l e d  d r i v e r )  
6 t o  18  f e e t  (wi thout  d o l l y  
lockup) 
20 t o  60 f e e t  (wi th  d o l l y  
lockup) 
4.0 GENERAL BRAKING PERFORMANCE 
Three regimes of braking can be conveniently d i s t ingu i shed ,  namely, (1) 
"normal" s t o p s ,  ( 2 )  downhill speed c o n t r o l ,  and ( 3 )  emergency s tops .  
The measures used t o  eva lua te  performance i n  each of these  th ree  regimes 
of braking a r e  e n t i r e l y  d i f f e r e n t .  During normal braking one may be mainly 
concerned with brake wear and with obta ining uniform wear r a t e s  so  t h a t  a l l  
brakes on a  u n i t  need maintenance a t  approximately the  same time. 
In normal braking,  the l e v e l  of f r i c t i o n  a t  the t i r e / r o a d  i n t e r f a c e  i s  
not  an i s s u e  because the  brake-force demand does not exceed the a v a i l a b l e  
f r i c t ion- fo rce  c a p a b i l i t y .  Thus, except f o r  su r faces  having very low f r i c t i o n  
l e v e l s ,  such a s  ice-  and snow-covered pavements, the re  i s  no s a f e t y  i s s u e  
involving the low-level braking a p p l i c a t i o n s  which t y p i f y  a l l  normal dr iv ing.  
There a r e  s p e c i a l  concerns,  however, with the  low-level, but 
long-termenergy-absorption demands assoc ia ted  with downhill speed 
control--say, on a  mountain grade. 
On the  o t h e r  hand, emergency braking performance (whether on high- o r  
low-fr ic t ion su r faces )  may be l imi ted  by an unfavorable d i s t r i b u t i o n  of brake 
torques among the axles .  In  emergency braking,  d i r e c t i o n a l  c o n t r o l  problems 
a r i s e  i f  wheels on c e r t a i n  ax les  lock up due t o  brake-torque l e v e l s  exceeding 
the a v a i l a b l e  f r i c t i o n a l  c a p a b i l i t y  of the  t i r e l r o a d  i n t e r f a c e .  Consequently, 
performance i n  emergency s tops  i s  expressed i n  terms of the  wheels-unlocked 
stopping d i s t a n c e s  ( o r  d e c e l e r a t i o n s )  a t t a i n a b l e  a t  var ious  l e v e l s  of 
t i r e l r o a d  f r i c t i o n .  
In  t h i s  s e c t i o n ,  the  downhill and emergency braking process w i l l  each be 
addressed from the viewpoint of d i s t i n c t i o n s  between d i f f e r i n g  types of t ruck 
combinations. 
4.1 Downhill Speed Control  
The hea t  flow i n t o  a brake dur ing a mountain descent  can cause i t s  
temperature t o  r i s e  s i g n i f i c a n t l y .  I f  the temperature becomes excess ive ly  
high,  the  b rake ' s  torque c a p a b i l i t y  w i l l  be g r e a t l y  reduced-possibly t o  the  
point  where a heavy v e h i c l e  may run away. Even i f  the  brakes do not  reach 
temperatures t h a t  cause them t o  fade apprec iab ly ,  brake wear i n c r e a s e s  
d ramat ica l ly  a s  temperature i n c r e a s e s ,  leading t o  uneven brake wear throughout 
a veh ic le  i f  the  brakes a r e  not  "temperature balanced." Accordingly, t o  
prevent brakes from overheat ing,  t rucks  genera l ly  descend mountain grades a t  
low speeds,  thereby reducing the  power-absorption demands on the  brakes. 
The s e l e c t i o n  of a braking system f o r  a heavy combination v e h i c l e  
r epresen t s  a compromise among the  q u a l i t i e s  of l i n i n g  wear, emergency s topping 
performance, and downhil l  speed con t ro l .  With regard t o  v e h i c l e  
conf igura t ion ,  wear and temperature balance requirements must be met by a l l  
types  of combination veh ic les .  As long a s  the re  a r e  not  l a r g e  d i f f e r e n c e s  i n  
performance a t  low l e v e l s  of brake p r e s s u r e ,  the  brakes on each u n i t  of a 
combination may be balanced ( s i z e d )  t o  prevent excess ive  wear o r  h igh 
temperatures from occurr ing on any one u n i t .  Given t y p i c a l  brakes  and 
presuming t h a t  a l l  brakes on a v e h i c l e  w i l l  a c t u a l l y  be appl ied  ( t h a t  i s ,  not  
j u s t  the  t r a i l e r  brakes ,  f o r  example), then no p a r t i c u l a r  type of combination 
veh ic le  has an inheren t  advantage over the o t h e r s  with respec t  t o  normal brake 
wear o r  i n  descending mountains using the  foundation brakes t o  c o n t r o l  speed. 
Since some of the longer  t ruck  combinations have ax le  loads  which a r e  
l e s s  than those seen i n  more conventional  p r a c t i c e ,  however, these  longer  
u n i t s  would p resen t  c e r t a i n  b e n e f i t s  f o r  downhill braking on mountain grades.  
For example, i f  we observe t h a t  each of the  veh ic le  conf igura t ions  being 
s tud ied  here  has a s p e c i f i e d  g ross  weight and a s p e c i f i e d  number of i n s t a l l e d  
brakes ,  i t  i s  poss ib le  t o  e s t ima te  the  s teady downhill braking c a p a b i l i t y  
d e r i v i n g  simply from the  horsepower-absorption capac i ty  of the  brakes. Using 
a nominal value f o r  power absorpt ion r a t i n g  of 20 horsepower per  fu l l - s i zed  
t ruck  brake [ 7 ] ,  the r e s p e c t i v e  v e h i c l e  combinations from Figure 1 give  the 
values  shown i n  Table 2 f o r  "pounds of veh ic le  weight per horsepower of brake 
absorpt ion capacity."  
Table 2 
P r o p e r t i e s  Rela ted  t o  Downhill Speed Contro l  Using 
t h e  Foundation Brakes Only. 
Nominal Energy 
Number of  Fu l l -  Absorption Rat ing  
Vehic le  Gross Weight, l b s  S i zed  Brakes* lbs/hp** 
*Counting each brake  on t r a c t o r  d r i v e  a x l e s  and t r a i l e r  a x l e s  a s  
1 . 0  and each brake  on t h e  t r a c t o r  s t e e r i n g  a x l e  a s  0 .65.  
**Assuming 20 hp p e r  brake .  
Clear ly ,  lower values  of the  ( l b s / h p )  measure, i n  the  right-hand column, 
suggest  t h a t  the v e h i c l e  i s  ab le  t o  more adequately handle the demands of 
downhil l  braking. Thus, the  Rocky Mountain and Turnpike doubles provide an 
improvement over conventional  v e h i c l e s  which a r e  loaded t o  the  f u l l  g r o s s  
weight allowance. Also, the  t r i p l e  provides an "absorption r a t i n g "  which i s  
e s s e n t i a l l y  the same a s  t h a t  obtained wi th  conventional  veh ic les .  
A s  a  supplement t o  ( o r  poss ib ly ,  a  s u b s t i t u t e  f o r )  the  use of foundation 
brakes a s  a means t o  c o n t r o l  downhil l  speeds,  some opera to r s  employ a 
so-called " re ta rde r"  device.  The r e t a r d e r  i s  t y p i c a l l y  an engine-mounted 
device  which permits the  harmless absorpt ion of energy while applying a 
r e t a r d i n g  torque t o  the  d r i v e  wheels of the  t r a c t o r ,  
Standard procedures f o r  s e l e c t i n g  a r e t a r d e r  on the b a s i s  of i t s  
horsepower r a t i n g  a r e  based on ( a )  g r o s s  veh ic le  weight,  ( b )  the  s lope of the  
s t e e p e s t  downgrade of i n t e r e s t  t o  the o p e r a t o r ,  and ( c )  the  minimum descent  
speed the  opera to r  i s  w i l l i n g  t o  accept  [ 8 ] .  These s e l e c t i o n  procedures a r e  
we l l  s u i t e d  f o r  t r a c t o r - s e m i t r a i l e r  v e h i c l e s  weighing l e s s  than 80,000 lbs .  
However, exper ience  shows t h a t  r e t a r d e r s  should be turned off  on i c y  roads t o  
prevent the  jackknif ing t h a t  may r e s u l t  from overbraking the  d r i v e  wheels of 
the  t r a c t o r .  
For heavily-loaded long combinations, the  s tandard procedure f o r  
s e l e c t i n g  a r e t a r d e r  i s  inappropr ia te  s i n c e  the ind ica ted  horsepower l e v e l  of 
the  r e t a r d e r  would so  overbrake the  t r a c t o r  d r i v e  wheels t h a t  hazardous 
jackknife- threatening cond i t ions  may be encountered even on moderately-sl ick 
road s u r f a c e s  such a s  wetted pavement. On t h e  o t h e r  hand, i f  the  r e t a r d e r  
power were s e l e c t e d  simply i n  propor t ion t o  the  load c a r r i e d  on the d r i v e  
wheels of the  t r a c t o r ,  the  d i r e c t i o n a l  c o n t r o l  problem would be re l ieved.  
However, the heavier  veh ic le  could not  achieve the same l e v e l  of downhill 
speed c o n t r o l  a s  t h a t  achieved by a t r a c t o r - s e m i t r a i l e r  having the  same 
drive-axle load. A s  a  f i r s t  approximation (assuming re tarder-only  b rak ing) ,  
heavy v e h i c l e s  might be expected t o  opera te  with a "speed penal ty"  t h a t  i s  
i n v e r s e l y  p ropor t iona l  t o  the  weight r a t i o ;  s p e c i f i c a l l y ,  
where VH i s  the  speed of the  heavy veh ic le  of weight, WH 
and VL i s  the downhill con t ro l  speed f o r  a l i g h t e r  veh ic le  of 
weight WL with  comparable load on the d r ive  wheels 
Based on t h i s  approximation, the heavier  conf igura t ions  s u f f e r  an 
appreciable  l o s s  i n  downhill speed c o n t r o l  compared t o  another combination 
having equal  loading of the d r i v e  wheels. (The t r i p l e  28 ' s ,  f o r  example, 
should t r a v e l  a t  a  maximum descent speed equal  t o  (801115) of the  speed of the  
retarder-equipped double 28's. ) 
Note t h a t  these  d i f f e r e n c e s  could be compensated f o r  by using 
t r a i l e r - a x l e  r e t a r d e r s  i f  the c o s t s  were acceptable  to  the owners. Although 
these  a d d i t i o n a l  r e t a r d e r s  may pay f o r  themselves i n  terms of reduced brake 
wear and added s a f e t y ,  they a r e  s t i l l  an added expense to  the buyer of new 
equipment. 
In  summary, the  downhill braking performance of the  long combination 
veh ic le  has been discussed i n  two p a r t s .  F i r s t l y ,  i f  the foundation brakes 
a r e  used t o  c o n t r o l  downhill speeds,  i t  was seen t h a t :  ( a )  the  t r i p l e  
provided approximately a s  high a l e v e l  of c a p a b i l i t y  a s  conventional  veh ic les  
and ( b )  the  Rocky Mountain and Turnpike doubles provide s u b s t a n t i a l l y  
higher-than-conventional l e v e l s  of c a p a b i l i t y .  Secondly, i f  a  tractor-mounted 
r e t a r d e r  i s  t o  be used a s  the - s o l e  means f o r  c o n t r o l l i n g  downhill speeds,  the  
respec t ive  long combinations w i l l  e x h i b i t  reduced downhill c a p a b i l i t y  
according to  the r a t i o  of the g ross  weights of conventional  veh ic les  ( s a y ,  
80,000 l b s )  t o  the g ross  weights of each of the long combinations. Thus, the 
o v e r a l l  p i c t u r e  i s  mixed. Table 3 l i s t s  the percent d i f f e r e n c e  i n  downhill 
speed con t ro l  capac i ty ,  with respec t  to  five-axle t r a c t o r - s e m i t r a i l e r s  and 
doubles a t  80,000 l b s  GCW, f o r  each of the  long combinations. 
It  i s  d i f f i c u l t  t o  genera l i ze  on the t r adeof f  between d i f f e r e n c e s  i n  the 
energy c a p a c i t i e s  of the  foundation brakes versus r e t a r d e r s  i n  var ious  
vehic les .  We see  i n  the f a r  r i g h t  column of Table 3 t h a t  when the foundation 
brakes - and 300 hp of engine r e t a r d a t i o n  a r e  combined t o  con t ro l  downhill 
speed, the th ree  long combination veh ic les  a r e  a l l  d e f i c i e n t  i n  t o t a l  
c a p a b i l i t y  r e l a t i v e  t o  conventional  80,000-lb vehic les .  Moreover, i t  i s  

apparent  t h a t  the re  a r e  both "give and take" d i s t i n c t i o n s  i n  downhill capaci ty  
with the Rocky Mountain and Turnpike doubles,  while the t r i p l e s  combination i s  
b a s i c a l l y  r e g i s t e r i n g  a  ne t  l o s s  i n  a l l  of the  speed-control scenar ios .  
4.2 Emergency Braking 
A t  t he  o u t s e t ,  i t  must be noted t h a t  i t  i s  hard to  make general  
s ta tements  about emergency braking performance because the torque c a p a b i l i t i e s  
of specimens of the  same type of t ruck brake a r e  so  highly  va r i ab le .  Brakes 
a r e  wonderful devices  i n  t h a t  they can absorb l a r g e  amounts of energy i n  s h o r t  
periods of time. They can do t h i s  over and over without f a i l i n g  o r  wearing 
out  prematurely. However, the p r i c e  of these astounding v i r t u e s  i s  found i n  
the  torque v a r i a b i l i t y  of the  brake [e.g.,  9,10,11 I .  
Given t h a t  t ruck  brakes a r e  h ighly  v a r i a b l e ,  and a l s o  s e n s i t i v e  t o  
adjustment and pas t  work h i s t o r y ,  i t  i s  not s u r p r i s i n g  t h a t  the performance of 
any p a r t i c u l a r  t ruck  i n  s e r v i c e  may dev ia te  considerably from t h a t  of another 
seemingly i d e n t i c a l  vehic le .  
The s ta tements  t h a t  follow a r e  based on the est imated average performance 
of veh ic les  with properly adjus ted  brakes t h a t  have not been degraded by high 
temperature opera t ion o r  o the r  abuses. 
By "emergency braking," we a r e  r e f e r r i n g  t o  the  s i t u a t i o n  i n  which the  
d r i v e r  i s  t r y i n g  t o  s top  a s  quickly  a s  poss ib le  without los ing  con t ro l  of the 
vehic le .  For f u l l y  laden t rucks  with well-adjusted brakes ,  the maximum brake 
torque a v a i l a b l e  i s  usua l ly  enough t o  provide dece le ra t ions  of from 0.4 t o  0.5 
times the  a c c e l e r a t i o n  of g r a v i t y  (0.4 t o  0.5 g) .  On a  good road,  the  maximum 
dece le ra t ion  c a p a b i l i t y  of a  t y p i c a l  loaded heavy t ruck i s  not l imi ted  by 
t i r e l r o a d  f r i c t i o n  but by the  brakes themselves. As long a s  the number of 
brakes i s  i n  proportion t o  the weight of the v e h i c l e ,  a l l  combinations w i l l  
have v i r t u a l l y  the  same maximum dece le ra t ion  c a p a b i l i t y  on a  good road. In 
p r a c t i c e ,  some t r a c t o r s  have l e s s  braking c a p a b i l i t y  than t r a i l e r s  so t h a t  
combinations with more t r a i l e r s  tend to  have s l i g h t l y  b e t t e r  maximum 
d e c e l e r a t i o n  c a p a b i l i t y  than t h a t  of combinations with fewer t r a i l e r s  ( f u l l y  
loaded t r i p l e s ,  f o r  example, tend t o  be very s l i g h t l y  b e t t e r  than doubles 
which tend t o  be s l i g h t l y  b e t t e r  than t r a c t o r - s e m i t r a i l e r s  i f  a l l  u n i t s  a r e  
comparable). 
On s l i p p e r y  s u r f a c e s ,  o r  i n  the  case  of an empty combination, the  maximum 
torque c a p a b i l i t i e s  of the brakes can exceed the f r i c t i o n a l  coupling a t  the  
t ire-road i n t e r f a c e .  This "overbraked" s i t u a t i o n  can cause extreme 
d i r e c t i o n a l  responses such a s  t r a c t o r  j ackkn i f ing ,  t r a i l e r  swinging, o r  d o l l y  
jackknif ing.  Under these  circumstances,  the  r a t i o  of braking fo rce  t o  
v e r t i c a l  load a t  each wheel determines the f r i c t i o n a l  p o t e n t i a l  needed t o  
prevent wheel lock. I d e a l l y ,  f o r  "pe r fec t  propor t ioning,"  the  r a t i o  of 
braking fo rce  t o  v e r t i c a l  load a t  each ax le  would be equal  t o  the f r i c t i o n a l  
p o t e n t i a l  of the  roadway. 
Ful ly  loaded t rucks  t y p i c a l l y  have c lose  t o  i d e a l  propor t ioning on roads 
with f r i c t i o n a l  p o t e n t i a l s  l e s s  than approximately 0.4 because t h e i r  brake 
torque c a p a b i l i t i e s  a r e  based on g ross  ax le  weight r a t i n g s .  Braking 
e f f i c i e n c y  ( t h a t  i s ,  the r a t i o  of d e c e l e r a t i o n  divided by the  f r i c t i o n a l  
p o t e n t i a l  required t o  prevent the  l e a s t  favorable  wheels from locking up) may 
be used t o  quan t i fy  the a b i l i t y  of a veh ic le  t o  u t i l i z e  the a v a i l a b l e  
t i r e / r o a d  f r i c t i o n .  The braking e f f i c i e n c y  of a loaded combination veh ic le  
w i l l  be l e s s  than u n i t y  due t o '  the load t r a n s f e r  caused by dece le ra t ion .  This 
load t r a n s f e r  tends t o  unload the  r e a r  wheels of the  u n i t s  i n  a combination 
veh ic le  and load the f r o n t  wheels of those un i t s .  I n  a t r a c t o r - s e m i t r a i l e r ,  
the  s e m i t r a i l e r  wheels a r e  unloaded, the  t r a c t o r ' s  r e a r  wheels s t a y  a t  
approximately t h e i r  s t a t i c  load ,  and the t r a c t o r ' s  f r o n t  wheels become more 
heavi ly  loaded during a stop.  For a f u l l  t r a i l e r ,  the  r e a r  wheels a r e  
unloaded and the  d o l l y  wheels a r e  loaded. The consequence of t h i s  load 
t r a n s f e r  e f f e c t  i s  a reduct ion i n  braking e f f i c i e n c y  a s  the  d e c e l e r a t i o n  l e v e l  
i s  increased.  
This load t r a n s f e r  e f f e c t  i s  reduced a s  ind iv idua l  u n i t s  a r e  made longer. 
I n  t h i s  regard ,  48-ft t r a i l e r s  a r e  s l i g h t l y  more e f f i c i e n t  than 45-ft 
t r a i l e r s ;  however, the  wheelbases of both of these  t r a i l e r s  a r e  so long t h a t  
load t r a n s f e r  i s  not l a r g e  and the e f f e c t  on braking e f f i c i e n c y  i s  small.  The 
load t r a n s f e r  e f f e c t  i s  nea r ly  twice a s  l a r g e  f o r  a 28-ft t r a i l e r  a s  i t  i s  f o r  
a 48-ft t r a i l e r  wi th  a comparable cen te r  of g r a v i t y  height .  Hence, 
combination v e h i c l e s  wi th  45-ft o r  48-ft t r a i l e r s  tend t o  have b e t t e r  braking 
e f f i c i e n c i e s  than those a t t a i n a b l e  by combinations employing 28-ft u n i t s .  
These c o n t r a s t s  can be i l l u s t r a t e d  by c a l c u l a t i o n s  of f r i c t i o n  
u t i l i z a t i o n  ( t h a t  i s ,  the r a t i o  of braking fo rce  divided by v e r t i c a l  load a t  
each ax le  dur ing constant  d e c e l e r a t i o n )  f o r  the f u l l y  loaded long combinations 
l i s t e d  i n  Figure 1. In  p a r t i c u l a r ,  r e s u l t s  have been obtained f o r  a  
dece le ra t ion  of 0.4 g ,  corresponding t o  the d e c e l e r a t i o n  required t o  s t o p  i n  
approximately 300 f e e t  from an i n i t i a l  v e l o c i t y  of 60 mph--a l e v e l  of 
emergency braking performance expected of heavy vehic les .  
A s  shown i n  Table 4 ,  the Rocky Mountain double has the lowest braking 
e f f i c i e n c y  of the  veh ic les  l i s t e d  and, accordingly ,  r equ i res  the h ighes t  
t i re- road f r i c t i o n  i n  order  t o  make a  0.4 g  stop.  This veh ic le  has the lowest 
e f f i c i e n c y  f o r  two reasons. F i r s t ,  the  28-ft r e a r  t r a i l e r  con t r ibu tes  t o  a  
lower e f f i c i e n c y  than a  longer  t r a i l e r  would ( see  the r e s u l t s  f o r  the  Turnpike 
double);  but  second, and equal ly  important ly ,  the  t y p i c a l  a x l e  loading assumed 
f o r  the  28-ft t r a i l e r  i n  the Rocky Mountain double ( see  Figure 1 )  i s  l e s s  than 
t h a t  assumed f o r  the  double 28-ft o r  t r i p l e  28-ft combinations. I n  a d d i t i o n ,  
the load on the r e a r  ax le  i n  the  Rocky Mountain double i s  l e s s  than t h a t  on 
the d o l l y  ax le  of the  28-ft t r a i l e r .  This loading p r a c t i c e ,  which i s  believed 
t o  be common, may a i d  d i r e c t i o n a l  performance i n  response t o  e x t e r n a l  
d i s tu rbances ;  however, i t  i s  a  det r iment  t o  braking e f f i c i ency .  
In  t h i s  example, the t r a c t o r - s e m i t r a i l e r  has the h ighes t  braking 
e f f i c i e n c y  of those s tudied.  This i s  because ( a )  the  s e m i t r a i l e r  i s  long and 
( b )  the t r a c t o r  i s  much longer than those se lec ted  f o r  the o the r  combination 
v e h i c l e s  (18-ft versus  10-ft and 12-ft wheelbases). Again, longer  l eng th  
produces improved braking e f f i c i e n c y  f o r  veh ic les  with simple braking systems. 
In  t h i s  case ,  the  e f f e c t  of t r a c t o r  l eng th  more than compensates f o r  the 
reduced braking c a p a b i l i t y  se lec ted  f o r  the t r a c t o r .  
For economic reasons ,  owners at tempt t o  opera te  t h e i r  veh ic les  i n  a  f u l l y  
loaded condit ion.  By c a r e f u l  scheduling,  some f l e e t s  a r e  ab le  t o  opera te  
t h e i r  veh ic les  i n  the f u l l y  loaded condi t ion over 80% of the  time. In o t h e r  
haul ing opera t ions ,  the veh ic les  must r e t u r n  empty so  t h a t  they a r e  f u l l y  
loaded only approximately 50% of the  time. Braking systems used i n  the  U.S. 
do not a d j u s t  f o r  p a r t i a l  o r  empty loads  except f o r  some systems which change 
the brake propor t ioning on a  "bobta i l"  t r a c t o r .  Since braking systems a r e  
Table 4 
F u l l y  Laden Vehic les  
Emergency Stopping Performance - Dece le ra t ion  = 0 . 4  g 
Vehicle 
Conf igura t ion  
Braking Ef f i c i ency  F r i c t i o n  Required 
a t  0 .4  g f o r  0.4 g 
Rocky Mountain Doubles 
45' semi + 28' t r a i l e r  
48' semi + 28' t r a i l e r  
Double 28 's  
T r i p l e  28 's  
Turnpike Doubles 
45' t r a i l e r s  
48' t r a i l e r s  
Tractor-Semi 
48' semi 
( long t r a c t o r )  
c u r r e n t l y  proportioned i n  favor of the loaded veh ic le ,  d i r e c t i o n a l  con t ro l  
problems during braking a r e  more c r i t i c a l  f o r  the unloaded o r  p a r t i a l l y  loaded 
vehic le .  
Extreme v a r i a t i o n s  i n  loading from one t r a i l e r  t o  another can be 
p a r t i c u l a r l y  undesirable.  P a r t i a l  unloading i s  seen t o  c o n s i s t e n t l y  degrade 
the  stopping c a p a b i l i t y  of combination vehic les .  For example, a s  explained i n  ' 
Reference [ I ] ,  "The worst ( p a r t i a l  loading)  case ,  from the viewpoint of 
stopping d i s t ance  performance, involves  the removal of f r e i g h t  from the rea r  
hal f  of t r a i l e r s . "  In such cases ,  the braking e f f i c i e n c i e s  of p a r t i a l l y  
loaded veh ic les  can be so low t h a t  stopping d i s t ances  a r e  approximately double 
those a t t a i n e d  with a  f u l l y  loaded vehic le .  
C lea r ly ,  then,  a  very important i s s u e  i n  the braking of heavy veh ic le  
combinations involves  opera t ing with p a r t i a l  loads o r  with some t r a i l e r s  f u l l  
and o the r s  empty. Unfortunately,  information i s  not  a v a i l a b l e  t o  determine 
whether one type of veh ic le  conf igura t ion  i s  more l i k e l y  t o  experience p a r t i a l  
loading than another type. Also, we do not know i f  some conf igurat ion i s  more 
l i k e l y  t o  be used f o r  t r anspor t ing  empty t r a i l e r s ,  Accordingly, we a r e  not 
ab le  t o  d i s t i n g u i s h  between var ious  types of long combinations with regard t o  
p a r t i a l  loading--probably the most important of the emergency-braking 
considera t ions ,  
In summary, veh ic les  with longer u n i t s  tend t o  have higher  braking 
e f f i c i e n c i e s  than veh ic les  with s h o r t e r  u n i t s ;  however, the loading of 
veh ic les  may be more c r i t i c a l  than the l eng th  e f f e c t s .  Among the  var ious  long 
combinations of i n t e r e s t ,  v a r i a t i o n s  i n  assumed t r a c t o r  wheelbase and ax le  
load d i s t r i b u t i o n s  impose s t ronger  in f luences  on emergency stopping 
performance than a r e  e s tab l i shed  simply by the  "inherent" d i f f e r e n c e s  i n  
conf igurat ion.  
In  Europe, load-sensing proportioning valves  a r e  required f o r  heavy 
commercial vehic les .  Theore t i ca l ly ,  these valves would provide i d e a l  
propor t ioning i f  they worked pe r fec t ly .  In the  U.S., the  u l t ima te  s o l u t i o n  t o  
the problem of emergency braking performance--antilock systems--was t r i e d ,  but  
the cour t s  found e x i s t i n g  devices t o  be unre l i ab le .  It may be t h a t  r e l i a b l e  
advanced braking systems w i l l  be developed i n  the fu tu re .  In  t h a t  case ,  
braking problems arising from both the loading and geometric configuration of 
combination vehicles will be largely reduced. 
5.0 ISSUES RELATED TO BRAKE SYSTEM A I R  DELIVERY 
This d i scuss ion  cen te r s  on the e f f e c t s  of (1)  brake-timing on jackknif ing 
and ( 2 )  pushout and/or valve-opening pressures  on downhill r e t a rda t ion .  In  
d i scuss ing  these  e f f e c t s ,  a t t e n t i o n  w i l l  be paid t o  comparing long 
combinations (Rocky Mountain doubles,  turnpike doubles,  and t r i p l e s )  with 
s h o r t e r  veh ic les  ( t r a c t o r s  with 48-ft s e m i t r a i l e r s  and doubles with 28-ft 
t r a i l e r s  ). 
A t y p i c a l  a i r  d e l i v e r y  system used i n  heavy t ruck  braking c o n s i s t s  of ( 1 )  
a t r e a d l e  ( f o o t )  valve f o r  i n i t i a t i n g  and modulating braking e f f o r t ,  ( 2 )  a i r  
l i n e s  (both  c o n t r o l  and supply l i n e s )  f o r  d e l i v e r i n g  s i g n a l s  and ac tua t ing  
brakes ,  ( 3 )  r e s e r v o i r s  f i l l e d  with high pressure  a i r ,  ( 4 )  brake chambers, ( 5 )  
re lay  valves ,  and ( 6 )  o t h e r  valves  and connectors not  p e r t i n e n t  t o  t h i s  
d i scuss ion  of timing and low-level braking ( r e t a r d a t i o n ) .  The t r e a d l e  valve 
usua l ly  supp l i es  r e s e r v o i r  a i r  d i r e c t l y  t o  the f r o n t  brake chambers, and 
supp l i es  c o n t r o l  s i g n a l s  t o  r e l a y  valves which, i n  t u r n ,  modulate the a i r  t o  
the  t r a c t o r  r e a r  brakes and t o  o t h e r  r e l ay  valves  t h a t  supply a i r  t o  t r a i l e r  
brakes along the  veh ic le  combination. The ins tantaneous  pressure  i n  a brake 
chamber depends upon the l e v e l  of a c t u a t i o n  of the t r e a d l e  valve ,  the  dead 
time assoc ia ted  with the t r a n s p o r t a t i o n  of a i r  s i g n a l s ,  and the r i s e  ( o r  f a l l )  
time of pressure  i n  the  brake chamber. The pressure  versus time curves 
measured on an a i r  system a r e  charac te r i zed  by dead time, pressure  r i s e  r a t e ,  
the 0-to-60 p s i  ("apply time"), a  " re lease  time" needed to  drop from 95 p s i  
back t o  5 p s i ,  and the r e s e r v o i r  pressure  drop. 
In  long combination veh ic les ,  s p e c i a l  devices  a r e  sometimes used t o  
decrease  the  0-to-60 p s i  apply time f o r  the brakes on rearward ax les  i n  the 
" t ra in ."  E l e c t r i c a l l y  ac tuated valves may be used to  reduce the  delay time i n  
the system. These valves pre-charge appropr ia te  a i r  l i n e s  to  approximately 10 
p s i  so  t h a t  the r e a r  brakes can respond more quickly t o  the l e v e l  of pressure  
s e t  a t  the t r e a d l e  valve. Also, r e l ay  valves may be i n s e r t e d  i n  the c o n t r o l  
l i n e s  t o  inc rease  pressure  r i s e  r a tes .  However, the pressure  out  of the re lay  
valve  fol lows i t s  inpu t  pressure  and does no t  exceed the  inpu t  pressure .  I n  
some c a s e s ,  r e l a y  valves  may add to  the dead time i n  the system because i t  may 
take  a pressure  r i s e  of 3 t o  5 p s i  t o  open (c rack)  the  re lay  valve.  Although 
the  use of e l e c t r i c a l  s i g n a l s  and r e l a y  valves  can reduce the apply t ime, they 
do not prevent  delays  i n  brake a p p l i c a t i o n  from propagating rearward 
throughout the  brake system; r a t h e r ,  they reduce the amounts of these  
delays.  
I d e a l l y ,  the  o rde r  of brake a p p l i c a t i o n s ,  from one a x l e  t o  the  nex t ,  and 
the  assoc ia ted  delays  a r e  s e l e c t e d  t o  (1)  shor ten  stopping d i s t a n c e s  and ( 2 )  
avoid i n s t a b i l i t i e s  ( i . e . ,  jackknif ing the  t r a c t o r  o r  the  d o l l i e s  i n  doubles 
and t r i p l e s ) .  To shor ten  braking distance>, one wants t o  apply a l l  brakes a s  
quickly  a s  poss ib le .  I n s t a b i l i t i e s  due t o  brake timing ( a s  con t ras ted  t o  
those due t o  brake propor t ioning)  a r e  d u e a o  overrunning f o r c e s  generated 
while l ead ing  u n i t s  a r e  braking and t r a i l i n g  u n i t s  have not s t a r t e d  t o  brake 
[12]. To reduce overrunning f o r c e s ,  one would l i k e  the  r e a r  brakes t o  be 
appl ied  a s  soon a s  poss ible .  
A t  the  s t a r t  of a braking opera t ion ,  l a r g e  overrunning f o r c e s  may p r e v a i l  
u n t i l  the braking on the t r a i l i n g  u n i t s  ca tches  up. I f  the  braking 
c a p a b i l i t i e s  of the t r a i l i n g  u n i t s  ( f u l l  t r a i l e r s )  a r e  g r e a t e r  than leading 
u n i t s  ( t r a c t o r - s e m i t r a i l e r s  and f u l l  t r a i l e r s ) ,  the  combination veh ic le  w i l l  
be i n  tens ion.  This i s  sometimes r e f e r r e d  t o  a s  " s t r e t c h i n g  the  t r a in . "  From 
a d i r e c t i o n a l  s t a b i l i t y  s tandpoint  ( a s  long a s  the wheels remain unlocked),  
s t r e t c h i n g  the  t r a i n  i s  viewed by many veh ic le  opera to r s  t o  be p re fe rab le  t o  
compressing the  vehic le .  However, the  consequences of locking wheels a r e  f a r  
more s e r i o u s  than the  consequences of the  overrunning f o r c e s  t h a t  a r e  due t o  
t y p i c a l  timing r e l a t i o n s h i p s .  
I n  the  i n t e r e s t  of reducing the  overrunning fo rces  generated a t  the 
beginning of a s t o p ,  experiments have been performed with the apply times of 
the  t r a c t o r ' s  brakes purposely extended t o  al low more uniform timing between 
t r a c t o r  and s e m i t r a i l e r .  C lea r ly ,  t h i s  compromise would inc rease  s topping 
d i s t a n c e  s l i g h t l y  i f  everything e l s e  remained equal .  However, under these  
circumstances,  d r i v e r s  have a tendency t o  overbrake,  causing wheel lock on 
s l i p p e r y  su r faces  i f  the  apply times of the  t r a c t o r  brakes a r e  extended t o  
approximately 0.6 seconds o r  more. Since the veh ic le  does not s t a r t  t o  
d e c e l e r a t e  a s  soon a s  expected,  the  d r i v e r  i s  l i k e l y  t o  ask f o r  more braking 
than the t i r e / r o a d  i n t e r f a c e  can suppor t ,  thereby locking wheels, los ing  
d i r e c t i o n a l  c o n t r o l ,  and requ i r ing  quick modulation of the brakes. Upon 
modulating the brakes t o  regain  d i r e c t i o n a l  c o n t r o l ,  the braking d i s t ance  i s  
g r e a t l y  increased over t h a t  which would be required i f  i t  were not necessary 
t o  modulate. The r e s u l t s  of experimenting with delaying the app l i ca t ion  of 
t r a c t o r  brakes i n d i c a t e  t h a t  t r a c t o r  apply times should be kept shor t .  
On the o t h e r  hand, i f  the t r a c t o r  i s  much f a s t e r  than the s e m i t r a i l e r  ( o r  
the d o l l y  i s  much f a s t e r  than i t s  s e m i t r a i l e r ) ,  then braking i n  a  tu rn  on a  
s l i p p e r y  surface  might lead to  jackknifing.  For t r a c t o r - s e m i t r a i l e r s  i n  
severe  tu rns  near the  l i m i t  of vehic le  turning c a p a b i l i t y ,  extreme d i f f e r e n c e s  
i n  timing between t r a c t o r  and s e m i t r a i l e r  ( f o r  example, apply times of 0.35 
sec  f o r  the t r a c t o r  and 1.4 sec  f o r  the s e m i t r a i l e r )  may cause jackknif ing 
t h a t  the d r i v e r  cannot con t ro l .  Although experimental r e s u l t s  a r e  not  
a v a i l a b l e  t o  guide us with respect  t o  d o l l y  jackknif ing,  extreme d i f f e r e n c e s  
between the brake timing a t  the d o l l y  and s e m i t r a i l e r  a r e  believed t o  be 
necessary f o r  timing problems, per s e ,  t o  cause a  d o l l y  t o  jackknife.  For 
t y p i c a l  timing performance l e v e l s  a t t a i n e d  with properly maintained and 
designed a i r  systems, the d i f f e r e n c e s  i n  timing between t r a c t o r s  and t h e i r  
s e m i t r a i l e r s  and between d o l l i e s  and t h e i r  s e m i t r a i l e r s  a r e  not l a rge .  For 
example, brakes a t  the respec t ive  u n i t s  of a  double with 27-ft t r a i l e r s  could 
have the following apply times (under extremely good circumstances) : 
t r a c t o r  
f r o n t  s e m i t r a i l e r  
d o l l y  
r e a r  s e m i t r a i l e r  
0.35 sec  
0.46 sec  
0.50 sec  
0.53 sec  
These d i f f e r e n c e s  i n  timing a r e  very small  and the assoc ia ted  overrunning 
fo rces  do not pose s i g n i f i c a n t  con t ro l  d i f f i c u l t y .  
With regard t o  the f i v e  primary types of combinations t h a t  a r e  the  focus 
of t h i s  s tudy,  brake timing does not appear t o  c o n s t i t u t e  a  s u b s t a n t i a l  i s sue .  
On the one hand i t  i s  c e r t a i n l y  c l e a r  t h a t  longer vehic les  w i l l  have longer 
dead times than s h o r t e r  veh ic les ,  a l l  o the r  things being equal. A t r i p l e ,  f o r  
example, may take 0.1 t o  0.2 seconds longer to  begin ac tua t ing  i t s  r e a r  brakes 
than a comparable double,  however, t h i s  w i l l  only inc rease  s topping d i s t a n c e  
by a few f e e t  ( l e s s  than approximately 3 f e e t  i n  a s top  from 55 mph). 
S i m i l a r l y ,  turnpike  doubles may be s l i g h t l y  slower than Rocky Mountain doubles 
which, i n  t u r n ,  w i l l  be s l i g h t l y  slower than a conventional  double wi th  28-ft 
s e m i t r a i l e r s  ( a l l  th ings  o t h e r  than l eng th  being equal) .  
I t  seems t h a t  the primary sources of timing problems come from poor 
maintenance o r  mismatched systems. Research has shown t h a t  the  diameters of 
a i r  l i n e s  can e i t h e r  be too l a r g e ,  causing volume problems, o r  too smal l ,  
causing flow r e s i s t a n c e  problems I l l ] .  Depending upon the elements 
incorporated i n  a p a r t i c u l a r  a i r  system, the re  i s  an optimum diameter f o r  a i r  
l i n e s .  In  a d d i t i o n ,  apply times inc rease  a s  the  brakes wear and the amount of 
s t r o k e  of the  push rod i n  the  brake chamber i n c r e a s e s ,  thereby requ i r ing  a 
g r e a t e r  volume of a i r  f o r  a c t u a t i n g  the  brakes. Unfortunate combinations of 
these  e f f e c t s  might occur ,  leading t o  extreme d i f f e r e n c e s  i n  timing. 
Nevetheless,  one type of long combination i s  not seen a s  more s u s c e p t i b l e  t o  
t h i s  type of problem than the o t h e r  types are .  
During snubbing t o  reduce speed, o r  low-level a p p l i c a t i o n s  such a s  those 
required f o r  mountain descen t s ,  the  d i f f e r e n c e s  between the  a p p l i c a t i o n  
c h a r a c t e r i s t i c s  of the  f r o n t  and r e a r  brakes can be important .  I n  a snub ( a  
b r i e f  a p p l i c a t i o n  of the t r e a d l e  v a l v e ) ,  the re  i s  a p ressure  pulse  t h a t  
t r a v e l s  through the  brake system causing some a c t i v a t i o n  of the  r e a r  brakes ,  
but  t h i s  s i g n a l  i s  usua l ly  a t t enua ted  a s  i t  t r a v e l s  t o  the back of the veh ic le  
such t h a t  the  f r o n t  brakes tend t o  do more than t h e i r  share  of the  work 
during snub a p p l i c a t i o n s  wi th  doubles and t r i p l e s .  This phenomenon can cause 
the  brakes on the  rearward a x l e s  t o  wear s l i g h t l y  l e s s  r ap id ly  than the 
forward brakes. 
A more important  phenomenon can occur dur ing mountain descen t s ,  
p a r t i c u l a r l y  i n  cases  where r e l a y  valves  have been i n s t a l l e d  i n  the  c o n t r o l  
l i n e s  i n  order  t o  "accelera te"  the  pressure  r i s e  i n  the  c o n t r o l  l i n e s .  These 
r e l a y  valves may requ i re  up t o  5 p s i  a s  a "cracking pressure"  needed t o  
operate.  This pressure  l e v e l  may be such t h a t  the brakes before the  r e l a y  
valve do almost a l l  of the braking whi le  maintaining speed i n  a mountain 
descen t ,  while those a f t e r  the  re lay  valve a r e  not involved because the  
combinations of t h e i r  push-out p ressures  and the r e l a y  valve cracking pressure  
a r e  enough t o  l i m i t  t h e i r  braking e f f o r t  t o  a small  l e v e l .  This causes the 
forward brakes t o  overheat  and wear even more rap id ly  than expected. 
This problem can be worse f o r  a t r i p l e  than a double i f  a  second re lay  
valve i s  i n s t a l l e d  i n  the t r i p l e  t o  a c c e l e r a t e  the pressure  s igna l s .  In t h i s  
case ,  the  brakes on the rearmost t r a i l e r  may not be ac tuated un less  the  
pressure  a t  the t r e a d l e  valve exceeds the sum of the pressures  needed t o  open 
both re lay  valves,  
Although t h i s  phenomenon involving re lay  valves has contr ibuted t o  pas t  
problems i n  t rucking opera t ions ,  i t  i s  believed t o  be broadly recognized today 
such t h a t  opera to r s  genera l ly  avoid using valves  with l a r g e  pressure  drops. 
Moreover, while measurable delays  and a t t e n u a t i o n s  a r e  experienced i n  the 
brakes along a combination v e h i c l e ,  these  mechanisms a r e  not seen a s  
s u b s t a n t i a l l y  d i sc r imina t ing  among the var ious  long combinations being 
examined i n  t h i s  study. Indeed, o the r  des ign and opera t ing in f luences  a r e  
known t o  in t roduce such l a rge  v a r i a b i l i t y  i n t o  t ruck  braking performance t h a t  
the  timing d i s t i n c t i o n s  can be simply neglected i n  analyzing a l t e r n a t i v e  
veh ic le  conf igurat ions .  
6.0 LOW-SPEED OFFTRACKING 
When a  conventional  a r t i c u l a t e d  veh ic le  t r a c k s  a  s teady-s ta te  c i r c u l a r  
path a t  low speed,  each ax le  of the  veh ic le  t r a i n  follows a  path  which l i e s  
i n s i d e  of t h a t  insc r ibed  by the  preceding axle.  The d i f f e r e n c e  between the  
r a d i i  i n s c r i b e d ,  r e s p e c t i v e l y ,  by the t r a c t o r  f r o n t  ax le  and the  rearmost 
t r a i l e r  ax le  c o n s t i t u t e s  the  so-called "off t racking"  dimension. The e x t e n t  t o  
which the  paths  of the  success ive  a x l e s  d i f f e r  depends upon the  l eng ths  
between ax le  l o c a t i o n s  and a r t i c u l a t i o n  p o i n t s  along the  t r a i n  of v e h i c l e  
elements. Longer e lementa l  l eng ths  i n  the  combination in t roduce  
d i s p r o p o r t i o n a t e l y  g r e a t e r  amounts of o f f t r ack ing .  The "s teady-s ta te  c i r c u l a r  
path" cond i t ion  i s  a t t a i n e d  i n  a c t u a l  s e r v i c e  only f o r  long,  sweeping highway 
curves and on e x i t  ramps. When the r a d i i  of such curves becomes r a t h e r  smal l ,  
t he  o f f t r a c k i n g  behavior of the  veh ic le  may be of concern because the rearmost 
t r a i l e r  t i r e s  w i l l  tend t o  t r a c k  off  of the  i n s i d e  edge of the roadway. 
Using a  reasonable rad ius  value  of 300 f t ,  which i s  found on the  lower 
speed s e c t i o n  of many expressway e x i t  ramps, the  s teady-s ta te  o f f t r a c k i n g  
performance of the  var ious  veh ic le  conf igura t ions  of i n t e r e s t  have been 
ca lcu la ted .  (For the mathematical r e l a t i o n ,  see  Ref. [ 1 3 ] .  ) Lis ted  below a r e  
the  o f f t r a c k i n g  dimension and a l s o  the  "Maximum Swept Path" dimension which i s  
equal  t o  the sum of the o f f t r a c k i n g  value plus  the veh ic le  width. The 
swept-path measure i n d i c a t e s  the  o v e r a l l  width of pavement which must be 
provided t o  accommodate the passage of a l l  of the v e h i c l e ' s  t i r e s .  Swept-path 
values  assume t h a t  the veh ic le  i s  8.5 f t  (102 inches)  i n  o v e r a l l  width. 
Table 5 
Maximum ( Steady-State) Off t racking 
Rank Vehicle Off t racking,  Ft. Max. Swept Path ,  Ft. 
............................................................... 
1 Double-28 2.0 10.5 
2 Triple-28 2.9 11.4 
3 Tr/Semi-48 3 . 2  11.7 
4 RMD-45/28 3.4 11.9 
5 RMD-48/28 3.8 12.3 
6 TPD-45/45 4.9 13.4 
7 TPD-48/48 5.6 14.1 
When t r a v e l i n g  i n i t i a l l y  i n  a s t r a i g h t  l i n e  and then en te r ing  a curved 
path ,  the  t r a i l e r s  of a veh ic le  combination begin t o  o f f t r a c k  t o  an increas ing 
degree ,  depending upon the l eng th  of the curve. This t r a n s i e n t  por t ion of 
the o f f t r ack ing  response i s  long enough, f o r  example, t h a t  common 
t r a c t o r - s e m i t r a i l e r s  and doubles combinations do not a r r i v e  a t  t h e i r  maximum, 
o r  s t eady-s ta te ,  o f f t r a c k i n g  condi t ion i n  the  course of passing through a 
t y p i c a l  s t r e e t  i n t e r s e c t i o n ,  There i s ,  then,  some point  i n  such maneuvers a t  
which the t r a n s i e n t  o f f t r ack ing  maximizes before the  t r a i l e r ( s )  begin t o  
s t r a i g h t e n  out again. This maximum ex ten t  of o f f t r a c k i n g  i s  the primary 
determinant of the roadway c learance  space which must be provided i n  order  t o  
adequately accommodate a given veh ic le  combination a t  t y p i c a l  i n t e r s e c t i o n  
layouts  and i n  o t h e r  t i g h t  maneuvering areas .  
In  order  t o  compare the t r a n s i e n t  o f f t r a c k i n g  performance of the var ious  
long veh ic le  combinations which a r e  of i n t e r e s t  he re ,  computerized 
c a l c u l a t i o n s  I141 of the wheel paths subtended during a 90' right-hand 
i n t e r s e c t i o n  maneuver were conducted. The t r a c t o r  of the  veh ic le  combination 
was guided such t h a t  i t s  l e f t  f r o n t  t i r e  tracked a 45-ft-radius curve though 
the i n t e r s e c t i o n .  The pa ths ,  then,  of the  inboard-tracking r ight-s ide  wheels 
of the combination were computed a s  the means f o r  determining the ex ten t  of 
o f f t r ack ing .  As shown i n  Figure 8 ,  the  respec t ive  paths insc r ibed  by the 
inboard edges of the r i g h t  r e a r  wheel of the t r a c t o r  and the two t r a i l e r s  of a 
Double-28 combination produce success ively  g r e a t e r  amounts of maximum 
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F igu re  8. T r a j e c t o r i e s  i n s c r i b e d  by p o i n t s  on a  doubles-28 f t  
combinat ion w h i l e  maneuvering around a  90' i n t e r s e c t i o n ,  
w i t h  t h e  l e f t  f r o n t  t r a c t o r  t i r e  fo l lowing  an  a r c  of  
45 f t  r a d i u s .  
of f t r ack ing  i n  the maneuver. 
Lis ted  below, i n  rank o rder ,  a r e  the values of o f f t r a c k i n g  and maximum 
swept path which were obtained f o r  each of the study veh ic les  i n  the descr ibed 
i n t e r s e c t i o n  turn.  
Table 6 
Off t racking i n  a  90' I n t e r s e c t i o n  Turn 
Rank Vehicle Off t racking,  Ft .  Max. Swept Path,  F t ,  
The d i f f e r e n c e s  i n  o f f t r a c k i n g  which d i s t i n g u i s h  these veh ic le  
conf igura t ions  from one another a r e  c l e a r l y  r a t h e r  profound, consider ing t h a t  
the  l a t e r a l  c learance  dimensions a v a i l a b l e  a t  i n t e r s e c t i o n s  a r e  o f t e n  j u s t  
s u f f i c i e n t  f o r  passage of the  t r a c t o r - s e m i t r a i l e r  , (Tr/Semi-48). In f a c t ,  the  
Tr/Semi-48 veh ic le  can only nego t i a te  right-hand tu rns  a t  normal urban 
i n t e r s e c t i o n s  of four-lane s t r e e t s  by means of a  technique i n  which the 
t r a c t o r  begins i n  the left-hand lane  of the e n t r y  road and a c t u a l l y  c rosses  
over the c e n t e r l i n e  of the  e x i t  roadway t o  some degree i n  order  t o  assure  
c learance  between the t r a i l e r  t i r e s  and the curb. Thus, the accommodation of 
Rocky Mountain Doubles and, e s p e c i a l l y ,  Turnpike Doubles i n  a  given road 
system would seem t o  requ i re  a  c a r e f u l  a n a l y s i s  of the geometric c o n f l i c t s  
which might be created.  
The o f f t r ack ing  behavior of longer  combinations i s  a l s o  seen a s  having 
some s a f e t y  relevance s ince  automobiles w i l l  tend t o  become "entrapped" i n  the 
space which the t ruck combination w i l l  "consume" during o f f t r a c k i n g  a t ,  say ,  
an i n t e r s e c t i o n .  In  the aforementioned right-hand i n t e r s e c t i o n  t u r n ,  f o r  
example, the t ruck d r i v e r ' s  need t o  maneuver toward the l e f t  of the  e n t r y  road 
tends t o  admit r igh t - tu rn ing  autos  i n t o  the  ad jacen t ,  curb-side lane .  A s  the  
maneuver progresses  around the  corner ,  the  o f f t r a c k i n g  t r a i l e r  wheels may 
i n t r u d e  upon t h e  l o c a t i o n  of the  auto.  It i s  suspected t h a t  such problems 
would magnify wi th  the opera t ion  of RMD and TPD combinations on the  
conventional  system of su r face  roads. Addi t iona l ly ,  of course ,  the  occurrence 
of o f f t r a c k i n g  motions which exceed the space provis ions  of the highway may 
cause damage t o  the  shoulders  and t o  the  roadside  appurtenances. 
7.0 HIGH-SPEED OFFTRACKING 
While the t r a i l e r s  of a r t i c u l a t e d  veh ic les  t r ack  inboard of the t r a c t o r  
during slow speed t u r n s ,  the  t racking r e l a t i o n s h i p s  change a s  speed i s  
increased.  When such veh ic les  t r a v e l  around a  curved path  a t  increas ing 
speed, the  o f f t r a c k i n g  begins t o  diminish and a c t u a l l y  becomes zero a t  some 
speed. A t  h igher  values of speed beyond t h i s  p o i n t ,  the t r a i l e r  t i r e s  t r ack  
t o  the ou t s ide  of the  path of the t r a c t o r  t i r e s  [15].  This outboard, o r  
"high-speed ," of f  t r ack ing  phenomenon i s  thought t o  be of p o t e n t i a l  
s i g n i f i c a n c e  t o  t r a f f i c  s a f e t y  i n s o f a r  a s  the  p o t e n t i a l  e x i s t s  f o r  the r e a r  of 
the t r a i l e r  t o  s t r i k e  an ob jec t  on the ou t s ide  of the curve or  f o r  t r a i l e r  
t i r e s  t o  encounter an outboard curb. The l a t t e r  case i s  seen a s  an occurrence 
which could p r e c i p i t a t e  ro l lover .  Also, i t  i s  apparent  t h a t  t ruck  d r i v e r s  a r e  
genera l ly  unaware of t h i s  outboard t racking behavior and thus may not be 
l i k e l y  t o  place the t r a c t o r  s u f f i c i e n t l y  inboard i n  such tu rns  t o  compensate 
f o r  the d isplaced path of the t r a i l e r  wheels. 
The extent  t o  which the t r a i l e r  t i r e s  t r ack  outboard of those on the 
t r a c t o r  i s  dependent upon the speed of t r a v e l  and the rad ius  of turn.  The 
most l i k e l y  type of road s e c t i o n  i n  which a  s u f f i c i e n t l y  t i g h t  r ad ius  curve i s  
a v a i l a b l e  and i n  which veh ic les  a r e  l i k e l y  t o  be t r a v e l l i n g  a t  higher speeds 
i s  an expressway ramp, On assuming a  r a t h e r  severe  cornering cond i t ion ,  
namely a  55-mph speed and a  600-ft r ad ius  curve,  c a l c u l a t i o n s  of high speed 
o f f t r a c k i n g  have been made f o r  the long combinations of i n t e r e s t .  The r e s u l t s  
a r e  given i n  Table 7 below. 
Table 7 
High-Speed (55 mph) Off t racking i n  a  600-ft Radius Curve 
Rank Vehicle Hi-Speed Of f t r a c k i n g  , f t .  
............................................................. 
1 Tr/Semi-48 0.52 
2 TPD 48/48 1.10 
3  TPD 45/45 1.25 
4  RMD 48/28 1.33 
5  Double-28 1.43 
6  RMD 45/28 1.45 
7 Triple-28 2.13 
Although the re  a r e  s u b s t a n t i a l  percentage d i f f e r e n c e s  among the  
high-speed o f f t r a c k i n g  va lues  l i s t e d  above, the  abso lu te  values  of the  
o f f t r a c k i n g  dimensions a r e  not  l a rge .  While the  t abu la ted  values of 
high-speed o f f t r a c k i n g  assume t h a t  r a d i a l  t i r e s  a r e  i n s t a l l e d ,  veh ic les  
equipped wi th  bias-ply t i r e s  w i l l  e x h i b i t  on the order  of twice the  
o f f t r a c k i n g  magnitudes shown here. 
Moreover, the  acc iden t  p o t e n t i a l  posed by the  high-speed o f f t r a c k i n g  
phenomenon i s  thought t o  be very low, a l though ind iv idua l  i n c i d e n t s  have 
undoubtedly occurred due t o  t h i s  mechanism. 
8.0 STABILITY ISSUES RELATED TO RAPID STEERING MANEUVERS 
In  t r a n s i e n t  turning maneuvers, the r e a r  u n i t  of a  mul t i - a r t i cu la ted  
veh ic le  may experience a  maximum l e v e l  of l a t e r a l  a c c e l e r a t i o n  t h a t  
s u b s t a n t i a l l y  exceeds the maximum l e v e l  of l a t e r a l  acce le ra t ion  of the lead 
u n i t  of the  vehic le .  This phenomenon, r e fe r red  t o  a s  "rearward 
ampl i f i ca t ion , "  i s  the dominant performance property d i s t i n g u i s h i n g  the yaw 
response of mul t i - a r t i cu la ted  veh ic les  from t h a t  of o t h e r  commercial veh ic les  
[161* 
I n t u i t i v e l y ,  rearward ampl i f i ca t ion  may be thought of a s  the propensity 
f o r  mul t i - a r t i cu la ted  veh ic les  t o  "crack the whip" i n  sudden 
obstacle-avoidance maneuvers, An important  consequence of t h i s  amplif ied 
motion i s  the tendency f o r  the r e a r  t r a i l e r  of a  mul t i - a r t i cu la ted  veh ic le  t o  
r o l l  over (even i f  the  d r i v e r  manages t o  avoid the  obs tac le  which p r e c i p i t a t e d  
the evasive maneuver) [17]. 
I n  genera l ,  maximum l e v e l s  of l a t e r a l  a c c e l e r a t i o n  i n  such maneuvers 
inc rease  from one u n i t  t o  the next u n i t ,  s t a r t i n g  from the f r o n t  of a  " t r a in"  
of a r t i c u l a t e d  u n i t s .  For example, i n  a  double the  s e m i t r a i l e r  t y p i c a l l y  has 
nea r ly  the same l a t e r a l  a c c e l e r a t i o n  l e v e l  a s  the t r a c t o r ,  but the f u l l  
t r a i l e r  may have a  much higher  l a t e r a l  a c c e l e r a t i o n  l e v e l  than t h a t  of the  
s e m i t r a i l e r ,  In a  t r i p l e ,  the second f u l l  t r a i l e r  may have a  much higher  
l a t e r a l  a c c e l e r a t i o n  l e v e l  than t h a t  of the  f i r s t  f u l l  t r a i l e r .  Hence, a s  the 
number of i d e n t i c a l  a r t i c u l a t e d  u n i t s  i s  increased,  the amount of rearward 
ampl i f i ca t ion  i s  increased (where rearward ampl i f i ca t ion  i s  quan t i f i ed  a s  the 
r a t i o  of the l a t e r a l  a c c e l e r a t i o n  of the rearmost u n i t  divided by the l a t e r a l  
a c c e l e r a t i o n  of the  t r a c t o r ) .  
The amount of rearward ampl i f i ca t ion  depends upon ( a )  the  frequency of 
s t e e r i n g  i n p u t ,  (b) the speed of the veh ic le ,  ( c )  the lengths  of the u n i t s  
involved,  ( d )  the  l o c a t i o n s  of the  p in t l e -h i t ch  connections between u n i t s ,  and 
( e )  the r a t i o  of t i r e  l a t e r a l  s t i f f n e s s  p r o p e r t i e s  t o  the weight of each u n i t  
[18 ] .  With regard t o  the long veh ic le  combinations being considered i n  t h i s  
s tudy ,  the lengths  of the u n i t s  a r e  h ighly  s i g n i f i c a n t  while the o the r  f a c t o r s  
( a ,  b ,  d ,  and e ,  above) a r e  l e s s  important  i n  expla ining d i f f e r e n c e s  between 
vehicle types. All else being equivalent, longer trailers contribute less to 
rearward amplification than short trailers do. As shown in Figure 9, the 
triple-28s configuration has a predicted rearward amplification (amplification 
gain) of almost 2.5, which is much larger than the rearward amplification for 
the double-28s combination or for any of the other combinations employing 
45-ft or 48-ft trailers. This result is to be expected because the triple has 
(a) the greatest number of articulation joints and (b) the shortest units in 
this set of vehicles. 
The results presented in Figure 9 clearly indicate that doubles 
combinations with 28-ft trailers have higher rearward amplifications than 
those attained by longer doubles combinations. The differences in 
amplification obtained with 45-ft versus 48-ft semitrailers are small. The 
maximum values of amplification gain for each of the individual units in the 
Turnpike Double, for example, are all close to 1.0, such that the overall 
amplification gain of the Turnpike Double combination is nearly perfect, from 
a rearward amplification standpoint. 
The analytical results that have been discussed here apply to vehicles 
which are loaded rather uniformly per the schemes laid out in Figure 1. In 
contrast to these results that apply to uniformly loaded vehicles, various 
types of undesirable rearward amplification phenomena can be brought about by 
unusual and non-uniform partial loading arrangements [1,17]. In particular, 
rearward-biased load distributions can create not only large amounts of 
rearward amplification, but also yaw stability problems in extreme situations. 
Since it is not known whether one type of configuration is more prone to 
rear-biased loading than another type, it is not possible to distinguish the 
various types of long combination vehicles on the basis of partial or 
non-uniform loading (other than to observe that vehicles having lower values 
of rearward amplification in the uniform loading state offer more of a 
"cushion" for tolerating non-uniform loading conditions than do vehicles 
exhibiting high levels of amplification). 
Moreover, rearward amplification performance constitutes the primary 
basis for distinguishing the dynamic performance quality of one multi-trailer 
combination from the next. It is fundamental that the vehicles exhibiting the 
higher levels of amplification gain are also those that rate relatively better 
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Figure 9 .  Rearward amplif ication a t  the rear t r a i l e r  of d i f fer ing  combinations 
as  a functiorl of tractor s t e e r  input frequency. 
in terms of low-speed offtracking. It is also known that new coupling devices 
are being developed to mitigate against rearward amplification, while also 
providing good offtracking performance. These innovative approaches have been 
discussed in Section 2.0. 
9.0 ROLL STABILITY 
For purposes of t h i s  d i scuss ion ,  we w i l l  express the r o l l  s t a b i l i t y  l e v e l  
of a  given t ruck combination i n  terms of the  " ro l lover  threshold ,"  which is  
defined a s  t h a t  maximum l e v e l  of s teady l a t e r a l  a c c e l e r a t i o n  which can be 
t o l e r a t e d  without s u f f e r i n g  the  ro l lover  of any of the  u n i t s  i n  the veh ic le  
combination. The " l a t e r a l  acce le ra t ion"  l e v e l  would equate ,  f o r  example, t o  a  
c e r t a i n  value of speed f o r  a  veh ic le  t r a v e l l i n g  through a  curve of f ixed  
radius .  The r o l l o v e r  threshold measure i s  of i n t e r e s t  s ince  t h i s  expression 
of inheren t  r o l l  s t a b i l i t y  has been seen t o  c o r r e l a t e  to  a  remarkable degree 
with the a c t u a l  involvement of veh ic les  i n  r o l l o v e r  acc iden t s  [19].  Thus, 
t ruck  r o l l  s t a b i l i t y  i s  looked upon a s  a  key property inf luencing veh ic le  
sa fe ty .  
The r o l l  s t a b i l i t y  l eve l '  of a  given veh ic le  i s  known t o  be determined by 
the obvious parameters of height  of cen te r  of g r a v i t y  (c.g.) and width of the 
t i r e  t r a c k ,  a s  we l l  a s  more s u b t l e  p r o p e r t i e s  concerning the  s t i f f n e s s  and 
geometric d e t a i l s  of the suspension des igns  and the s t i f f n e s s  of the t i r e s .  
I n  mult iple-unit  vehic le  combinations, the  d i s t r i b u t i o n  of suspension 
p roper t i e s  from one ax le  t o  another i s  a l s o  known t o  be of s i g n i f i c a n t  
importance t o  r o l l  s t a b i l i t y  [19].  The f a c t  t h a t  t y p i c a l  t r a c t o r s  employ 
r e l a t i v e l y  s o f t e r  suspensions than t r a i l e r s ,  f o r  example, plays an important 
r o l e  i n  l i m i t i n g  the  r o l l  s t a b i l i t y  of t r a c t o r - s e m i t r a i l e r  combinations. 
Since conver ter  d o l l i e s  genera l ly  employ suspension s t i f f n e s s  l e v e l s  which a r e  
comparable t o  those found on the a t tached t r a i l e r s ,  f u l l  t r a i l e r s  can be 
viewed a s  being reasonably wel l  "balanced" i n  behalf of r o l l  s t a b i l i t y ,  a s  f a r  
a s  suspension cons ide ra t ions  go. 
The primary opera t ing va r i ab le  which d i s t i n g u i s h e s  the r e l a t i v e  r o l l  
s t a b i l i t y  of heavy commercial veh ic les  on the road i s  simply the weight of the 
payload and i t s  c.g. height.  C lea r ly ,  the  parameters of the payload depend 
e n t i r e l y  upon the type of commodity being t ranspor ted .  Trucks hauling f l a t  
s t e e l  p l a t e  w i l l  t y p i c a l l y  e x h i b i t  a  h igher  r o l l o v e r  threshold ,  f o r  example, 
than t rucks  hauling lumber, s ince  the high dens i ty  of s t e e l  y i e l d s  a  payload 
c ,g .  height  which i s  s u b s t a n t i a l l y  lower than t h a t  y ie lded by the  
l igh te r -dens i ty  wood products.  Thus, t o  meaningfully compare the  r o l l  
s t a b i l i t y  of two d i f f e r i n g  types  of t ruck  combinations, such a s  the  Tr/Semi-48 
vs. the  RMD 48/28, one would need information on the  d i f f e r e n c e s  i n  the  
t y p i c a l  payloads which w i l l  be c a r r i e d  i n  the two v e h i c l e s ,  a s  wel l  a s  
knowledge of any hardware d i s t i n c t i o n s  p e r t i n e n t  t o  the veh ic le  designs.  
Since the longer  t ruck  combinations c l e a r l y  o f f e r  g r e a t e r  cubic  capac i ty  
than the  more conventional  v e h i c l e s ,  but  wi th  genera l ly  l i g h t e r  ax le  loadings ,  
one would imagine t h a t  wider usage of the  longer v e h i c l e s  might be focused 
predominantly upon the  t r a n s p o r t a t i o n  of lower-density commodities. Depending 
upon the payload d e n s i t i e s  and weights which would a c t u a l l y  t y p i f y  the s e r v i c e  
a p p l i c a t i o n s  of these  v e h i c l e s ,  however, the  longer  veh ic les  might e x h i b i t  a  
g r e a t e r  or  l e s s e r  l e v e l  of r o l l  s t a b i l i t y  than more conventional  veh ic les  
carrying the  same commodities. 
Regarding the  suspension hardware employed on the  var ious  long t ruck  
combinations, the re  a r e  no known d i s t i n c t i o n s  among b a s i c  v e h i c l e  
conf igura t ions  which would suggest  d i f f e r e n c e s  i n  inheren t  r o l l  s t a b i l i t y .  
Accordingly, these  r e f l e c t i o n s  suggest  t h a t  the  r o l l  s t a b i l i t y  of the  
va r ious  veh ic le  combinations of i n t e r e s t  i n  t h i s  study cannot be meaningfully 
compared without e x p l i c i t  knowledge of the  d i s t i n c t i o n s  i n  the  payloads which 
would be c a r r i e d  i n  the respec t ive  veh ic le  types. Since such information i s  
unava i l ab le ,  no d e f i n i t i v e  p ro jec t ions  of r o l l  s t a b i l i t y  limits can be 
produced here. In  the  authors  ' view, however, the  t y p i c a l  p r a c t i c e s  employed 
i n  the des ign of t r a c t o r s ,  t r a i l e r s ,  and d o l l i e s  a r e  such t h a t  no l a r g e  
d i s t i n c t i o n s  i n  r o l l  s t a b i l i t y  should be expected i f  comparable types  of 
payloads a r e  involved i n  the  comparisons. 
10.0 YAW STABILITY 
When heavy-duty t rucks  and t r a c t o r - t r a i l e r  combinations a r e  d r iven  around 
a  curved path  a t  e levated speeds,  i t  i s  poss ib le  t h a t  a  so-called "yaw 
i n s t a b i l i t y 1 '  may occur p r i o r  t o  reaching the l e v e l  of maneuver s e v e r i t y  a t  
which r o l l o v e r  occurs.  The "yaw" motion of a  veh ic le  p e r t a i n s  t o  i t s  r o t a t i o n  
about a  v e r t i c a l  axis .  This i s  the primary mode of motion which i s  involved 
i n  cornering maneuvers. A "yaw i n s t a b i l i t y , "  then,  p e r t a i n s  t o  a  condi t ion i n  
which the yawing r o t a t i o n s  tend t o  grow a t  an inc reas ing  r a t e ,  perhaps causing 
the veh ic le  t o  "spin ou t , "  with the veh ic le  point ing wel l  away from i t s  
d i r e c t i o n  of motion a s  the spinout progresses.  C lea r ly ,  a  yaw i n s t a b i l i t y  
would t h r e a t e n  veh ic le  c o n t r o l  i n s o f a r  a s  the  d r i v e r  i s  challenged by the task  
of s t e e r i n g  t o  ob ta in  a  s t a b l e  motion from an unstable  system [20 ] .  
The yaw i n s t a b i l i t i e s  which a r e  known t o  be poss ib le  during the  pure 
corner ing opera t ion  of heavy-duty combination veh ic les  involve only the 
t r a c t o r .  That i s ,  with combination veh ic les ,  t h i s  phenomenon simply involves  
a  tendency f o r  the t r a c t o r  t o  jackknife  with respec t  to  the s e m i t r a i l e r .  The 
r a p i d i t y  of such a  jackknife  i s  much slower than t h a t  which occurs during 
overbraking of the  t r a c t o r  d r i v e  wheels. In f a c t ,  i n  many cases  i t  may be 
t h a t  t r a c t o r  yaw i n s t a b i l i t y  i s  e f f e c t i v e l y  compensated by capable d r i v e r  
a c t i o n  a t  the  s t e e r i n g  wheel such t h a t  loss-of-control  i s  aver ted  and no 
p a r t i c u l a r  note i s  made of the event. Nevertheless,  the  popular wisdom i n  the  
veh ic le  dynamics community holds t h a t  such unstable  veh ic le  behavior i s  
undesi rable  and should be avoided, i f  poss ible .  
For tunate ly  f o r  the purposes of the study of long combinations, the 
mechanisms serving t o  cause t r a c t o r  yaw i n s t a b i l i t y  a r e  v i r t u a l l y  unaffected 
by the conf igura t ion  of the t r a i l i n g  elements a f t  of the t r a c t o r .  In f a c t ,  
consider ing the  Rocky Mountain Doubles, Turnpike Doubles, and t r i p l e s  of 
i n t e r e s t  he re ,  we could genera l i ze  t h a t  the re  a r e  no f i r s t - o r d e r  in f luences  on 
t r a c t o r  yaw s t a b i l i t y  d i s t i n g u i s h i n g  these  veh ic le  combinations. Probably of 
g r e a t e r  s i g n i f i c a n c e  than t r a i l e r  conf igura t ions ,  per s e ,  a r e  the axle  load 
values being borne a t  the  respec t ive  t r a c t o r s  and the c.g. height  which 
follows from the prospect  t h a t  c e r t a i n  veh ic le  conf igura t ions  may become more 
popular i n  hauling commodities which d i f f e r  i n  d e n s i t y  from those c a r r i e d  on 
o t h e r  types of veh ic les .  Insofa r  a s  the  commodity-preference t r ends  a r e  
unknown, i t  i s  f a i r  t o  say t h a t  the  yaw s t a b i l i t y  sub jec t  does not provide a 
b a s i s  upon which t o  o b t a i n  any meaningful comparisons of the  a l t e r n a t i v e  long 
t ruck  combinations. 
11.0 TRUCK POWER REQUIREMENTS 
A s  the s i z e  and weight limits on t rucks  a r e  re laxed,  al lowing l a r g e r  and 
heavier  veh ic le  combinations, the  power of the engine i n s t a l l e d  i n  the  veh ic le  
must be increased,  o r  reduct ions  i n  the performance of the veh ic le  w i l l  
r e s u l t .  Reductions i n  performance which a r e  of publ ic  concern include those 
which lead t o  i n t e r f e r e n c e  i n  the t r a f f i c  stream, e i t h e r  diminishing the 
t r a f f i c  capac i ty  of the highway, o r  diminishing the s a f e t y  of opera t ions .  An 
a n a l y s i s  i s  performed i n  t h i s  s e c t i o n  i n  which the comparative power 
requirements of l a r g e r  and heavier  veh ic les  i s  assessed under c e r t a i n  se lec ted  
s i t u a t i o n s .  
11.1 Analyt ica l  Method and Assumptions 
The power required t o  propel  a  veh ic le  on the road i s  propor t ional  t o  i t s  
speed and the road load d r i v e  force.  That power i s  derived from the engine,  
al though the  por t ion  appl ied  t o  the road a s  t r a c t i v e  e f f o r t  i s  reduced by 
var ious  engine accessor ies  and by f r i c t i o n  i n  the d r ive l ine .  The road load 
f o r c e s  a r e  caused by r o l l i n g  r e s i s t a n c e ,  aerodynamic drag,  and drag a r i s i n g  
from grade of the road [ 2 1 ] .  The r o l l i n g  r e s i s t a n c e  i s  most d i r e c t l y  
propor t ional  t o  the  g ross  weight of the  veh ic le ,  al though speed has a  
secondary e f f e c t .  For veh ic les  i n  the f u t u r e ,  the r o l l i n g  r e s i s t a n c e  i s  bes t  
est imated by equat ions  developed by the  SAE and o the r s  f o r  r a d i a l  t i r e s .  In  
t h i s  a n a l y s i s ,  the following equat ion f o r  r o l l i n g  r e s i s t a n c e  c o e f f i c i e n t  i s  
used : 
CRR = ,001 ' (4.1 + ,041 ' V) 
where 
CRR = r o l l i n g  r e s i s t a n c e  c o e f f i c i e n t  
V = t r a v e l  speed i n  miles per hour 
The aerodynamic drag i s  the  r e s u l t  of the dynamic pressure  of the  
r e l a t i v e  wind a c t i n g  on the f r o n t  of the t r a c t o r  and t r a i l e r s .  Thus, i t  i s  
r e l a t e d  t o  the square of the  speed of the r e l a t i v e  wind approaching the  
vehic le .  In  the case of headwinds, the headwind component adds d i r e c t l y  t o  
the  v e l o c i t y  of t r a v e l  i n  the  determinat ion of the  r e l a t i v e  wind speed. The 
f r o n t a l  a r e a  on which i t  a c t s  i s  the simple product of the width and height  of 
the  v e h i c l e ,  which f o r  t r a c t o r s  wi th  van t r a i l e r s  i s  about 100 square f e e t  ( 8  
f e e t  wide by 12.5 f e e t  high).  The aerodynamic p r o p e r t i e s  of the veh ic le  a r e  
taken i n t o  account by an aerodynamic drag c o e f f i c i e n t  which i s  mul t ip l i ed  by 
the dynamic pressure  and the a r e a  t o  ob ta in  the force.  The common wisdom i s  
t h a t  the  aerodynamic drag c o e f f i c i e n t s  vary between 0.7 and 0.9 f o r  l a r g e  
t rucks  and t r a c t o r - t r a i l e r s .  The higher  value of 0.9 was s e l e c t e d  f o r  these  
c a l c u l a t i o n s ,  however, t o  account f o r  the  in f luence  of the  cross-wind 
component which seems t o  more proper ly  represen t  the  major i ty  of t r a v e l  on the  
highway . 
The f i n a l  drag c o n t r i b u t o r  i s  the  g r a v i t y  component of the  veh ic le  weight 
which a c t s  i n  opposi t ion t o  the  d i r e c t i o n  of t r a v e l  when a veh ic le  proceeds on 
an upgrade. The fo rce  developed i s  the  product of the  grade (expressed a s  
r i s e  over run)  and the veh ic le  weight. 
Using these  assumptions, t h e  power requirements were c a l c u l a t e d  f o r  
d i f f e r e n t  v e h i c l e  combinations opera t ing a t  d i f f e r e n t  speeds and road 
condi t ions .  The primary f a c t o r  by which the  v e h i c l e s  a r e  d i f f e r e n t i a t e d  i s  
the  g ross  combination weight. A l l  veh ic les  a r e  assumed t o  be comprised of van 
t r a i l e r s  wi th  the  same f r o n t a l  a r e a s  and aerodynamic drag c o e f f i c i e n t s ,  and 
a r e  equivalent  i n  a l l  o t h e r  r e l evan t  r e spec t s .  
11.2 Travel  on Level Roads 
The power required t o  move the veh ic le  a t  a  constant  55-mph speed on a 
l e v e l  road was determined f o r  the  case  of no headwind, and f o r  a headwind of 
25 mph. The r e s u l t s  a r e  presented i n  Table 8 ,  below. 
Table 8. Horsepower Requirements f o r  Level Road Travel  
Gross Weight No Wind 25 mph Headwind 
80,000 l b s  227 HP 383 Hp 
105,000 255 411 
117,000 268 425 
120,000 27 1 428 
150,000 304 461 
200,000 359 516 
The 80,000-lbs g ross  weight combination i s  included i n  t h i s  t a b l e  t o  g ive  
the reader  a reference  point .  The 80,000-lb veh ic le  i s  the  cur ren t  maximum 
allowed i n  a l l  s t a t e s ,  and represen t s  a major segment of the  
t r a c t o r - s e m i t r a i l e r s  on the roads today. 
11.3 Travel  on Grades 
In  a s i m i l a r  f a sh ion ,  the  power requirements f o r  nego t i a t ing  grades a t  
speeds of 20 mph and 30 mph were a l s o  ca lcula ted .  The r e s u l t s  a r e  shown i n  
Table 9 ,  below. 
Table 9. Horsepower Requirements on Grades 
20 mph 
Grade 
Gross Weight 2% 3% 4% 6% 8% 
80,000 l b  132 182 229 332 433 
105,000 170 236 302 434 556 
117,000 190 253 337 483 630 
30 mph 
Grade 
2% 3% 4% 6% 8% 
213 289 364 515 i65 
273 372 470 668 356 
302 412 522 742 951 
11.4 Accelera t ion Performance 
The a c c e l e r a t i o n  performance when a t ruck  s t a r t s  out  i s  s i m i l a r l y  
inf luenced by power l e v e l  of the  engine. Consequently, the d i s t a n c e  along the  
road needed f o r  the  t ruck t o  g e t  up t o  speed i s  a f f e c t e d  by engine power. 
Assuming t h a t  the engine i s  operated a t  wide-open t h r o t t l e  ( f o r  maximum power 
o u t p u t ) ,  the  power i n  excess of t h a t  needed t o  overcome r o l l i n g  r e s i s t a n c e ,  
aerodynamic d rag ,  and grade is  appl ied  t o  a c c e l e r a t i n g  the  vehic le .  Thus, a 
por t ion  of the  energy de l ive red  from the  engine i s  transformed i n t o  an 
inc reas ing  k i n e t i c  energy of the moving vehic le .  On s t e e p  grades  (4% o r  more) 
where the maximum a t t a i n a b l e  speed i s  low (15 t o  30 mph), the  k i n e t i c  energy 
assoc ia ted  wi th  the veh ic le  speed i s  low i n  comparison t o  the  energy t h a t  i s  
d i s s i p a t e d  i n  r o l l i n g  r e s i s t a n c e  and i n  overcoming the  grade. Hence, the  
d i s t a n c e  required f o r  a c c e l e r a t i n g  a veh ic le  t o  the maximum speed on s t e e p  
grades i s  r e l a t i v e l y  s h o r t  f o r  a l l  t rucks .  Typ ica l ly ,  90% of the  f i n a l  speed 
can be achieved i n  d i s t a n c e s  measured i n  f r a c t i o n s  of a mile. However, a s  the  
s teepness  of the  grade diminishes from 4%, t h e  a t t a i n a b l e  speeds become much 
l a r g e r ,  approaching the l i m i t  of 55 mph. In  those cases ,  the a c c e l e r a t i o n  
d i s t a n c e s  can become very l a r g e ,  depending on the  r a t i o  of engine power t o  
g ross  weight. Accelera t ion on a shallow grade i s ,  t h e r e f o r e ,  the s i t u a t i o n  i n  
which the  most profound d i f f e r e n c e s  i n  performance w i l l  be observed, a s  a 
func t ion  of engine power and g ross  veh ic le  weight. 
A s e r i e s  of c a l c u l a t i o n s  were performed t o  examine the r e l a t i v e  
performance of d i f f e r e n t  t rucks  when a c c e l e r a t i n g  from a s t o p  on 0% and 3% 
grades. The o v e r a l l  d i s t a n c e  required t o  achieve a given speed can be very 
s e n s i t i v e  t o  the  engine power l e v e l ;  i . e . ,  on a veh ic le  powered t o  achieve a 
maximum speed of 55 mph on a l e v e l  roadway, a t  l e a s t  i n  theory,  i t  t akes  an 
i n f i n i t e  d i s t a n c e  f o r  the veh ic le  t o  a c t u a l l y  reach t h a t  speed. Thus, i t  i s  
u s e f u l  t o  a s s e s s  the  a c c e l e r a t i o n  performance of candidate  f u t u r e  veh ic le  
combinations by comparison wi th  t h a t  of t y p i c a l  v e h i c l e s  now on the road. For 
the  purpose of comparisons h e r e ,  the  base l ine  i s  an 80,000-lb GCW t rac tor-van 
t r a i l e r  powered by a 250-horsepower engine. I n  the comparative c a l c u l a t i o n s  
a l l  o t h e r  veh ic le  p r o p e r t i e s  were held constant  except f o r  g ross  weight and 
engine power. The o b j e c t i v e  was t o  determine the horsepower required a t  
d i f f e r e n t  gross  combination weights t o  achieve speed-distance performance 
comparable t o  the 80,000-lb vehic le .  On a l e v e l  roadway, the 80,000-lb 
veh ic le  r equ i res  approximately 6,250 f e e t  t o  a c c e l e r a t e  from a s tanding s t a r t  
t o  50 mph. The horsepower required t o  achieve t h i s  same speed a t  6,250 f e e t  
i s  ca lcu la ted  f o r  the  o t h e r  values of g ross  vehic le  weight. Also, on a 3% 
upgrade, the maximum speed achievable by the base l ine  80,000-lb veh ic le  i s  
about 27 mph. From a s tanding s t a r t ,  the  80,000-lb veh ic le  can a c c e l e r a t e  on 
the 3% grade t o  20 mph i n  a d i s t ance  of 625 f e e t .  The horsepower required t o  
achieve t h i s  same speed and d i s t a n c e  ob jec t ive  was determined f o r  the  o t h e r  
veh ic le  combinations a s  l i s t e d  i n  Table 10. 
Table 10. Horsepower Requirements f o r  Acceleration 
Horsepower 
Gross Weight 50 mph i n  6250 f t  20 mph i n  625 f t  (3%) 
I t  may be noted f o r  the case of a c c e l e r a t i o n  t o  20 mph t h a t  equivalent  
performance i s  obtained when a l l  veh ic les  have approximately the same 
weight-to-horsepower r a t i o  (330 lb lhp) .  The reason i s  t h a t  the major f r a c t i o n  
of the  energy goes i n t o  a c c e l e r a t i o n ,  overcoming r o l l i n g  r e s i s t a n c e  and 
overcoming grade. The magnitude of a l l  of these  f a c t o r s  i s  d i r e c t l y  dependent 
on the veh ic le  mass (gross  weight) ,  hence, the power must inc rease  i n  
propor t ion t o  g ross  weight. 
By c o n t r a s t ,  i n  acce le ra t ing  t o  50 mph, aerodynamic drag consumes a 
l a r g e r  percentage of the energy output of the engine. However, the 
aerodynamic drag i s  not d i r e c t l y  r e l a t e d  to  g ross  vehic le  weight. Thus, the 
heavier  veh ic les  do not r equ i re  propor t ionate  inc reases  i n  horsepower t o  
achieve the  same performance when acce le ra t ing  t o  high speed. Whereas the 
80,000-lb veh ic le  has a weight-to-horsepower r a t i o  of near ly  320 lb /hp,  a 
r a t i o  of nea r ly  400 lb /hp  i s  adequate t o  achieve equivalent  high-speed 
a c c e l e r a t i o n  performance i n  a 200,000-lb vehic le .  
11.5 Discussion and Conclusions 
The suggested benchmark f o r  a s sess ing  appropr ia te  power l e v e l s  f o r  
var ious  t ruck  combinations i s  the  80,000-lb u n i t  included i n  the  ca lcu la t ions .  
The minimum engine power f o r  t r a c t o r - t r a i l e r s  i n  t h i s  GCW range i s  t y p i c a l l y  
about 250 hp i n  order  t o  be capable of 55 mph t r a v e l  on normal, l e v e l  road 
cond i t ions  ( s e e  Table 9 ) .  Achieving comparable performance from o t h e r  
t r a c t o r - t r a i l e r  combinations i s  most demanding i n  the  h i l l -c l imbing mode, 
where an equivalent  power-to-weight r a t i o  i s  the  governing f a c t o r .  Applying 
t h i s  r u l e  l eads  t o  the following conclus ions  with regard t o  appropr ia te  
minimum engine power f o r  va r ious  long veh ic le  combinations: 
Rocky Mountain Doubles (105,000 l b )  - 325 hp 
Turnpike Doubles (120,000 l b )  - 365 hp 
T r i p l e s  (115,000 l b )  - 350 hp 
Specia l  v e h i c l e s  i n  the  GCW ranges of 150,000 l b s  and 200,000 l b s  would 
requ i re  460 and 600 hp, r e spec t ive ly .  
12 0 SUMMARY OF OBSERVATIONS 
In  t h i s  s e c t i o n ,  the var ious  observat ions  which have d i s t ingu i shed  the 
dynamic performance of the  d i f f e r i n g  long combinations from one another w i l l  
be summarized. The d i g e s t  of observat ions  w i l l  be ordered by performance 
category,  
BACKING-UP 
1 )  Performance Contras ts  -- A l l  doubles and t r i p l e s  were found t o  be 
impossible t o  back up f o r  d i s t a n c e s  i n  excess of 18 f e e t  o r  so ,  unless  a 
locking f e a t u r e  were employed on the  i n s t a l l e d  d o l l i e s .  The t r ip le-28 
combination was found t o  be more l i m i t e d ,  with locking-dolly employed, than 
were the var ious  doubles combinations. Nevertheless,  the  a b i l i t y  of a l l  of 
the m u l t i - t r a i l e r  combinations t o  be backed up i s  severe ly  const ra ined,  a t  
bes t .  The key f e a t u r e  of these  veh ic les  which tends t o  normalize a l l  of the 
conf igurat ions  toward the same, r a t h e r  poor, backing performance i s  the s h o r t  
length  of the d o l l y  drawbar. I f  any of these  u n i t s  were t o  be b u i l t  i n  
B-train conf igura t ions ,  backing-up performance would improve dramat ica l ly .  By 
any measure, however, the  conventional  t r a c t o r - s e m i t r a i l e r  i s  v a s t l y  more 
amenable t o  being backed up than is  any m u l t i - t r a i l e r  combination. 
2 )  S ignif icance  - The a b i l i t y  t o  back up a veh ic le  i s  seen a s  an i s s u e  
of opera t iona l  f l e x i b i l i t y  more than a s a f e t y  matter. It i s  recognized, 
however, t h a t  i n  c e r t a i n  scenar ios ,  the  i n a b i l i t y  t o  back up m u l t i - t r a i l e r  
combinations may serve  t o  c r e a t e  a t r a f f i c  blockage problem. Overal l ,  i t  i s  
the  au thors '  view t h a t  the re  i s  l i t t l e  s i g n i f i c a n c e  t o  the small d i s t i n c t i o n s  
i n  the backing a b i l i t y  of the var ious  long combinations s tudied here. That 
i s ,  a l l  of the  longer combinations o f f e r  l i t t l e  oppor tuni ty  f o r  backing up 
more than,  say,  a ca r  length.  
SPEED CONTROL DURING MOUNTAIN DESCENTS 
1) Performance Contras ts  -- Since the  Rocky Mountain and Turnpike Double 
provided r e l a t i v e l y  more foundation brakes ,  per pound of g ross  vehic le  weight, 
the downhil l  speed c o n t r o l  c a p a b i l i t y  of these  v e h i c l e s  (assuming the use of 
foundation brakes ,  only)  i s  enhanced over t h a t  of conventional  
t r a c t o r - s e m i t r a i l e r s  and doubles loaded t o  80,000 lbs .  The t r i p l e s  
combination, loaded t o  a g ross  weight of 115,000 l b s ,  was seen a s  providing 
nominally the same l e v e l  of dowhill  braking capac i ty  a s  i s  afforded by 
conventional  veh ic les .  Also, the  t ransmiss ion of the  a i r  brake s i g n a l  from 
ax le  t o  ax le  i n  long combination v e h i c l e s  i s  done i n  such a way t h a t  no s t rong  
d i s t i n c t i o n s  i n  downhill braking of the  var ious  longer  combinations should 
accue due t o  a i r  d e l i v e r y  mechanisms. 
Considering the  use of r e t a r d e r s  a s  a s u b s t i t u t e  means f o r  c o n t r o l l i n g  
downhill speeds,  a l l  of the  longer  combinations a r e  d e f i c i e n t  i n  comparison 
wi th  conventional  veh ic les .  This de f i c iency  d e r i v e s  from the  f a c t  t h a t  the  
r e t a r d e r  t y p i c a l l y  a c t s  only upon the  d r i v e  wheels of the  t r a c t o r .  Since 
the re  i s  a p r a c t i c a l  l i m i t  t o  the  amount of r e t a r d i n g  horsepower which can be 
"handled" through these  d r i v e  wheels, r ega rd less  of the g ross  weight of the 
v e h i c l e ,  the  heav ie r  weights posed by the  longer  combinations render such 
veh ic les  "under-retarded" i n  the mountain descent  scenar io .  
2 )  S ign i f i cance  -- For the  Rocky Mountain and Turnpike Doubles, the re  a r e  
"give and take" d i s t i n c t i o n s  which show them t o  be e i t h e r  more o r  l e s s  capable 
of downhill speed c o n t r o l  than conventional  vehic les .  From a s a f e t y  point  of 
view, consider ing the foundation brakes t o  be providing e i t h e r  the primary 
energy absorpt ion device  o r  the  "backup" system during r e t a r d e r  usage,  these  
two l a r g e r  veh ic le  combinations o f f e r  an advantage over conventional  vehic les .  
Thus, i t  would seem hard t o  argue t h a t  the  l ike l ihood  of runaway acc iden t s  
wi th  such veh ic les  on mountain highways would be g r e a t e r  than i s  experienced 
wi th  conventional  veh ic les .  The t r i p l e s  combination, on the  o t h e r  hand, 
o f f e r s  e s s e n t i a l l y  no advantage i n  the  capac i ty  of i t s  foundation brake 
system. Thus, wi th  the  s t rong  reduct ion i n  e f f e c t i v e n e s s  of an engine 
r e t a r d e r ,  the  t r i p l e  i s  simply more marginal i n  downhill capaci ty .  Of course ,  
these  obersvat ions  hinge e n t i r e l y  upon the  assumed values  of g ross  veh ic le  
weight,  a s  ou t l ined  i n  the  t e x t .  
EMERGENCY STOPPING PERFORMANCE 
1) Performance Cont ras t s  -- Calcula ted  braking performance r e s u l t s  showed 
d i f f e r e n c e s  between d i f f e r i n g  long veh ic le  combinations. These d i f f e r e n c e s  
were noted t o  be pr imar i ly  due t o  spec i f i ed  loading condi t ions  and s e l e c t i o n s  
of t r a c t o r  wheelbase. Since i n s u f f i c i e n t  d a t a  e x i s t  t o  provide a  s o l i d  case 
f o r  these  s p e c i f i c a t i o n s ,  the  ca lcu la ted  r e s u l t s  a r e  seen a s  more i l l u s t r a t i v e  
than conclusive regarding t r u l y  represen ta t ive  behavior. Fur ther ,  i t  i s  known 
t h a t  t ruck  brake systems a r e  tremendously va r i ab le  i n  t h e i r  stopping 
performance i n  a c t u a l  s e r v i c e ,  such t h a t  the d e f i n i t i o n  of a  s p e c i f i c  
performance l e v e l  f o r  any given conf igura t ion  i s  an u n r e a l i s t i c  expectat ion.  
Also, the timing delays  assoc ia ted  with propagating the brake system a i r  
s i g n a l s  a r e  not seen t o  be of such a  magnitude t h a t  they d i sc r imina te  t o  a  
s i g n i f i c a n t  degree among the var ious  long combinations. 
Thus, the  authors  observe t h a t  the re  i s  i n s u f f i c i e n t  b a s i s  f o r  
concluding an inheren t  de f i c iency  i n  the emergency stopping performance of one 
long combination r e l a t i v e  t o  another.  Fur ther ,  the  e x i s t i n g  s t a t e  of 
knowledge does not suggest  t h a t  any s t rong  d i s t i n c t i o n s  i n  t h i s  performance 
a rea  should be expected,  were complete d a t a  t o  be made ava i l ab le .  
2 )  Signif icance  -- It  seems i n t u i t i v e l y  c l e a r ,  i f  not demonstrable from 
accident  s t u d i e s ,  t h a t  veh ic les  should be ab le  t o  s t o p  i n  acceptably shor t  
d i s t a n c e s ,  and i n  a  c o n t r o l l a b l e  manner. In  t h i s  regard ,  i t  i s  known t h a t  
heavy-duty t rucks  a r e  genera l ly  d e f i c i e n t  i n  comparison with passenger cars .  
Thus, the stopping performance of heavy v e h i c l e s ,  g e n e r i c a l l y ,  seems c l e a r l y  a  
s a f e t y  i s sue .  Nevertheless,  the re  does not  seem t o  be a  subs tan t ive  b a s i s  f o r  
concluding t h a t  the emergency stopping c a p a b i l i t y  of var ious  types of t ruck  
combinations d i f f e r  i n  a  genera l ly  s i g n i f i c a n t  way. 
LOW-SPEED OFFTRACKING 
1) Performance Contras ts  - There a r e  profound d i f fe rences  i n  the  
low-speed o f f t r a c k i n g  performance of the longer  combinations. While the 
t r i p l e s  combination was seen t o  o f f t r a c k  somewhat l e s s  than even the  
conventional  tractor-and-48-foot-semitrailer combination, the  Rocky Mountain , 
and Turnpike Doubles exceed the  o f f t r a c k i n g  of t h i s  conventional  vehic le  by 6 
t o  55%. 
2 )  Signif icance  -- Low-speed o f f t r ack ing  on t igh t - rad ius  tu rns  and a t  
i n t e r s e c t i o n s  r i s k s  i n t r u s i o n  of the t r a i l e r  wheelpaths i n t o  the  space 
occupied by highway appurtenances and o t h e r  veh ic les .  Thus, l a r g e  d i f f e r e n c e s  
i n  veh ic le  o f f t r a c k i n g  a r e  s i g n i f i c a n t  f o r  reasons of proper ty  damage and 
maintenance of the  highway system a s  wel l  a s  t r a f f i c  s a f e t y *  The magnitude of 
the d i f f e r e n c e s  posed by the Turnpike Double a r e  c l e a r l y  so l a r g e  t h a t  a  road 
network intended f o r  usage by t h i s  veh ic le  would requ i re  s p e c i a l  geometric 
provisions.  S imi la r ly ,  the  ca lcu la ted  r e s u l t s  suggest  t h a t  the Rocky Mountain 
Double cannot be r e a d i l y  accommodated on most of the  U.S. road system. 
HIGH-SPEED OFFTRACKING 
1 ) Performance Contras ts  -- The high-speed o f f  t r ack ing  response i s  
g r e a t e r  wi th  v e h i c l e  combinations having the  h igher  number of short-wheelbase 
t r a i l e r s .  Thus, r e s u l t s  showed t h a t  the  t r i p l e ,  wi th  th ree  28-ft t r a i l e r s ,  
r e g i s t e r e d  the  h ighes t  value of high-speed o f f t r ack ing .  Although the  Rocky 
Mountain Double wi th  the  45-ft l ead  t r a i l e r  was the  next h ighes t  i n  t h i s  
unfavorable c h a r a c t e r i s t i c ,  a l s o  high on the l i s t  was the conventional  double 
having two 28-ft t r a i l e r s .  
2 )  Signif icance  - The magnitude of the  high-speed o f f t r a c k i n g  dimension 
i s  highly  s e n s i t i v e  t o  c e r t a i n  s t i f f n e s s  p r o p e r t i e s  of the  i n s t a l l e d  t i r e .  
Given the  inexorable  t rend toward r a d i a l  (ice., s t i f f e r )  t i r e s  i n  the  U.S. 
t rucking f l e e t ,  the  high-speed o f f t r a c k i n g  behavior of typically-equipped 
veh ic les  w i l l  involve  r a t h e r  small  o f f t r a c k i n g  dimensions such t h a t  a  minor 
l e v e l  of s a f e t y  s i g n i f i c a n c e  i s  suspected. Thus, t h i s  measure does not  
d i sc r imina te  among the  va r ious  longer  combinations i n  a  manner which i s  
thought t o  imply s t rong  d i f f e r e n c e s  i n  acc iden t  p o t e n t i a l .  On the o t h e r  hand, 
f o r  v e h i c l e s  equipped wi th  bias-ply t i r e s ,  the  d i s t i n c t i o n s  i n  high-speed 
o f f t r a c k i n g  f o r  the  examined v e h i c l e s  would appear t o  be important  t o  sa fe ty .  
STABILITY I N  RAPID STEERING MANEUVERS 
I )  Performance Contras ts  -- The measure of most concern i n  rapid  s t e e r i n g  
maneuvers i s  the rearward a m p l i f i c a t i o n  ga in  which desc r ibes  the p o t e n t i a l  f o r  
premature r o l l o v e r  of the  r e a r  t r a i l e r  i n  a  m u l t i - t r a i l e r  combination. 
C lea r ly ,  the t r i p l e  poses a  much g r e a t e r  hazard i n  such dynamic maneuvers, by 
t h i s  measure, than do any of the  combinations incorpora t ing  one o r  more long 
(45- o r  48-ft)  t r a i l e r s .  Although the  conventional  double e x h i b i t s  an 
ampl i f i ca t ion  l e v e l  which i s  considerably below t h a t  of the  t r i p l e ,  these  two 
veh ic les  b a s i c a l l y  s tand i n  a  c l a s s  by themselves r e l a t i v e  t o  the r e s t  of the  
veh ic les  which were considered. 
2 )  Signif icance  -- There i s  ample evidence i n  the  accident  record t h a t  
var ious  examples of m u l t i p l e - t r a i l e r  conf igura t ions  having high l e v e l s  of 
rearward ampl i f i ca t ion  have su f fe red  an e x t r a o r d i n a r i l y  h igh incidence of 
acc iden t s  i n  which only t h e i r  rearmost t r a i l e r  has overturned [17,22,23].  
Although the  abso lu te  frequency of such acc iden t s  i s  low, (being measured i n ,  
say ,  i n c i d e n t s  per  100 mi l l ion  veh ic le  m i l e s ) ,  the re  seems l i t t l e  ques t ion 
t h a t  high l e v e l s  of rearward ampl i f i ca t ion  portend increased l ike l ihood  of 
r o l l o v e r  involvement. Thus, i t  i s  the a u t h o r s t  view t h a t  the r e l a t i v e l y  high 
l e v e l s  of ampl i f i ca t ion  of the  conventional  double, and c e r t a i n l y  the  t r i p l e ,  
c a l l  f o r  the development of improved veh ic le  hardware t o  mi t iga te  the problem. 
Section 2.0 of t h i s  r epor t  spoke t o  such developments. 
ROLL STABILITY 
1 )  Performance Contras ts  -- The " r o l l  s t a b i l i t y "  sub jec t  was addressed i n  
terms of the  " s t a t i c "  s t a b i l i t y  which p e r t a i n s  t o  the r e s i s t a n c e  t o  r o l l o v e r  
i n  smooth, s t eady ,  t u r n s  ( i n  c o n t r a s t  t o  the dynamic r o l l o v e r  condi t ions  
p reva i l ing  during rapid  s t e e r i n g  maneuvers, such a s  discussed above. The 
inheren t  s t a t i c  r o l l  s t a b i l i t y  of the var ious  long combinations, consider ing 
some normalized loading arrangements, a r e  e s s e n t i a l l y  equivalent .  Thus, i f  
these  veh ic les  were a c t u a l l y  t o  be t r anspor t ing  commodities which r a t h e r  
uniformly loaded each of the respec t ive  a x l e s ,  with a  uniform he igh t  of the 
c e n t e r  of g r a v i t y  of the  payload, no s i g n i f i c a n t  d i s t i n c t i o n s  i n  r o l l  
s t a b i l i t y  would be expected. Since d a t a  a r e  not a v a i l a b l e  t o  suggest  t h a t  any 
anomalous kinds 'of loading p a t t e r n s  o r  commodity d e n s i t i e s  should be expected 
i n  the  var ious  types of combinations, no f u r t h e r  f ind ings  on r e l a t i v e  r o l l  
s t a b i l i t y  l e v e l  can be made here. 
2 )  Signif icance  -- The r o l l o v e r  of heavy commercial veh ic les  i s  seen to  
be a  very important  p a r t  of the accident  p i c t u r e  with such vehic les .  It i s  
r a t h e r  widely recognized,  f o r  example, t h a t  over hal f  of a l l  t ruck  d r i v e r  
f a t a l i t i e s  occurr ing each year de r ive  from r o l l o v e r  accidents .  Fur the r ,  
research has shown a very powerful relationship between the static rollover 
threshold of tractor-semitrailers and the frequency of their involvement in 
rollovers [19]. Thus, it is of significance that no inherent distinctions in 
the static roll stability of the various long combinations can be identified. 
This is not to say that the roll stability level of the long combinations, or 
any other heavy-duty commercial vehicle, for that matter, is up to the level 
at which rollover would be a small problem. Rather, these observations 
establish that no grounds exist for discriminating against the use of 
differing long combinations simply on the basis of static roll stability. 
YAW STABILITY 
1) Performance Contrasts -- The yaw stability issue pertains to the 
control qualities of the tractor in response to steering--particularly under 
more severe cornering conditions. No distinctions in this property, among the 
various long combinations, could be identified. As with the roll stability 
subject, explicit information on the density and distribution of payload 
within the trailers would be required, for each combination type, for 
definitive distinctions to be drawn. In the absence of such data, one can 
only observe that there are no inherent distinctions in vehicle design by 
which to discriminate the yaw stability of differing long combinations. 
2) Significance -- The significance of the yaw stability subject to 
traffic safety is unknown. One can only observe that the popular wisdom of 
the technical community holds that avoidance of unstable yaw behavior is 
highly desirable. Since it is clear that properly trained drivers can 
maintain control even when the vehicle manifests an unstable yaw response 
characteristic, the matter is not clear cut. Moreover, as in the case of the 
findings on roll stability, no grounds exist for discriminating among the 
various long combination vehicles on the basis of yaw stability properties. 
POWER REQUIREMENTS 
1) Performance Contrasts -- Since any tractor can be coupled to any set 
of trailers, there is no inherent connection between a given multiple-trailer 
configuration and its "powering capabilities." Thus, the subjects of speed 
capability on grades and acceleration performance reduce to requirements for 
engine horsepower, given the g ross  veh ic le  weight, Calcula t ions  showed t h a t  
the respec t ive  long combinations would be capable of a t  l e a s t  the  minimum 
performance l e v e l s  of conventional  veh ic les  i f  they incorporated the  following 
engine power r a t i n g s :  
Rocky Mountain Double (105,000 l b ,  GVW) -- 325 HP 
Turnpike Double (120,000 l b ,  GVW) -- 365 HP 
T r i p l e s  (115,000 l b  GVW) -- 350 HP 
2 )  Signif icance  - The a b i l i t y  of commercial veh ic les  t o  achieve highway 
speeds and t o  maintain reasonable,  al though reduced, speeds on grades 
in f luences  both the e f f i c i e n c y  with which o t h e r  t r a f f i c  can use the highway 
and the  p o t e n t i a l  f o r  acc iden t s  due t o  speed d i f f e r e n t i a l s  between vehic les .  
Regarding the  l a t t e r ,  i t  has been shown t h a t  the accident  r a t e  w i l l  i nc rease  
s t rong ly  when the  d i f f e r e n c e  between t ruck  speed and the  average running speed 
of o t h e r  t r a f f i c  exceeds approximately 10 mph [24] ,  Thus, the  i s s u e  of engine 
power i s  seen a s  having a  c l e a r  s ign i f i cance .  Since engine r a t i n g s  such a s  
those l i s t e d  above a r e  r e a d i l y  a v a i l a b l e ,  however, the achievement of a  
minimum powering c a p a b i l i t y  would not c o n s t i t u t e  an impediment t o  the use of 
long combinations. 
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